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(57) ABSTRACT 

A reflecting-type optical System according to the invention 
includes an optical element composed of a transparent body 
having an entrance Surface, an exit Surface and at least three 
curved reflecting Surfaces of internal reflection. A light beam 
coming from an object and entering at the entrance Surface 
is reflected from at least one of the reflecting Surfaces to 
form a primary image within the optical element and is, then, 
made to exit from the exit Surface through the remaining 
reflecting Surfaces to form an object image on a predeter 
mined plane. In the optical system, 70% or more of the 
length of a reference axis in the optical element lies in one 
plane. 
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1 

REFLECTING TYPE OPTICAL SYSTEM 

This application is a division of application Ser. No. 
09/612.290 filed Jul. 7, 2000, which is a division of appli 
cation Ser. No. 08/606,824 filed Feb. 26, 1996 now U.S. Pat. 
No. 6,166,866. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to optical Systems of reflecting type 

and image pickup apparatuses using the same and, more 
particularly, to Such optical Systems which, using an optical 
element of many reflecting Surfaces, form an object image 
on a predetermined plane. Still more particularly, this inven 
tion relates to improvements of the compact form of the 
entirety of the optical System Suited to Video cameras, Still 
cameras or copying machines. 

2. Description of the Related Art 
There have been many previous proposals for utilizing the 

reflecting Surfaces of conveX and concave mirrors in the 
optical System for an image pickup apparatus. FIG. 24 
Schematically shows a So-called mirror optical System com 
posed of one concave mirror and one convex mirror. 

In the so-called mirror optical system of FIG. 24, an axial 
beam 104 coming from an object is reflected from the 
concave mirror 101. While being converged, it goes toward 
the object side and is then reflected by the convex mirror 102 
to form an image on an image plane 103. 

This mirror optical System is based on the configuration of 
the So-called Cassegrainian reflecting telescope. The aim of 
adopting it is to shorten the total length of the entire System 
as the equivalent telephoto System which is constructed with 
refracting Surfaces or lenses alone has a long total length. To 
this purpose, the optical path is folded twice by using two 
reflecting Surfaces arranged in confronting relation. 

Even for the objective lens Systems of telescopes, besides 
the Cassegrainian type, there are known, from a similar 
reason, a large number of forms with the use of a plurality 
of reflecting mirrors in shortening the total length of the 
optical System. 

Like this, in a case where a photographic lens would take 
a long total length, it has been the common practice to 
employ reflecting mirrors instead of Some of the lens mem 
bers. By folding the optical path to good efficiency, a 
compact mirror optical System is obtained. 

However, the Cassegrainian reflecting telescopes and like 
mirror optical Systems generally Suffer a problem due to the 
vignetting effect by the convex mirror 102, as the object 
light beam is partly mutilated. This problem will exist so 
long as the convex mirror 102 is laid at the central passage 
of the object beam 104. 

To solve this problem, the reflecting mirror may be 
decentered, thus avoiding obstruction of the passage of the 
object beam 104 by the unintegrated part of the optical 
system. In other words, the principal ray 106 of the light 
beam is dislocated away from an optical axis 105. Such an 
optical System, too, has previously been proposed. 

FIG.25 is a Schematic diagram of a mirror optical System 
disclosed in U.S. Pat. No. 3,674,334, wherein the problem of 
mutilation described above is solved in such a way that the 
reflecting mirrors to be used are rotationally Symmetric with 
respect to the optical axis and partly cut off. 

The mirror optical system of FIG. 25 comprises, in order 
of passage of the light beam, a concave mirror 111, a convex 
mirror 113 and a concave mirror 112, which, when in the 
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2 
prototype design, are, as shown by the double dot-and-dash 
lines, the complete reflecting Surfaces of rotational Symme 
try with respect to the optical axis 114 of these, the concave 
mirror 111 is used only in the upper half on the paper of the 
drawing with respect to the optical axis 114, the convex 
mirror 113 only in the lower half and the concave mirror 112 
only in a lower marginal portion, thereby bringing the 
principal ray 116 of the object beam 115 into dislocation 
away from the optical axis 114. The optical System is thus 
made free from the mutilation of the object beam 115. 

FIG. 26 shows another mirror optical system which is 
disclosed in U.S. Pat. No. 5,063,586. The reflecting mirrors 
have their central axes made themselves to decenter from the 
optical axis. As a result, the principal ray of the object beam 
is dislocated from the optical axis, thus Solving the above 
described problem. 

Referring to FIG. 26, assume that the perpendicular line 
127 to the object plane 121 is an optical axis. With a convex 
mirror 122, a concave mirror 123, a convex mirror 124 and 
a concave mirror 125 in order of passage of the light beam, 
it is then proven that the centers of their reflecting areas do 
not fall on the optical axis 127 and that their central axes (the 
lines connecting those centers with the respective centers of 
curvature of the reflecting surfaces) 122a, 123a, 124a and 
125a are decentered from the optical axis 127. In connection 
with this figure, the decentering amount and the radius of 
curvatures of every one Surface are appropriately determined 
to prevent the object beam 128 from being mutilated by the 
other mirrors. Thus, an object image is formed on a focal 
plane 126 with high efficiency. 

Besides these, U.S. Pat. Nos. 4,737,021 and 4,265,510 
even disclose similar Systems freed from the Vignetting 
effect either by using certain portions of the reflecting 
mirrors of revolution Symmetry about the optical axis or by 
decentering the central axes themselves of the reflecting 
mirrors from the optical axis. 

These reflecting type photographic optical Systems, 
because they have a great number of constituent parts, 
require highly precise assembly of the individual optical 
parts to insure Satisfactory optical performance. In 
particular, because the tolerance for the relative positions of 
the reflecting mirrorS is Severe, later adjustment of the 
position and angle of orientation of each reflecting mirror is 
indispensable. 
To solve this problem, one of the proposed methods is to 

construct the mirror System in the form of, for example, a 
block, thus avoiding the error which would otherwise result 
from the Stepwise incorporation of the optical parts when in 
assembling. 

It has been known to provide one block with a large 
number of reflecting Surfaces. For example, the viewfinder 
Systems employ optical prisms Such as pentagonal roof 
prisms or Porro prisms. 

These prisms are made by molding techniques to unify the 
plurality of reflecting Surfaces. Therefore, all the reflecting 
Surfaces take their relative positions in So much good 
accuracy as to obviate the necessity of adjusting the posi 
tions of the reflecting Surfaces relative to one another. 
However, the main function of these prisms is to change the 
direction of travel of light for the purpose of inverting the 
image. Every reflecting Surface is, therefore, made to be a 
flat Surface. 

For the counterpart to this, there is also known an optical 
System by giving curvature to the reflecting Surface of the 
prism. 

FIG. 27 is a Schematic diagram of the main parts of an 
observing optical system disclosed in U.S. Pat. No. 4,775, 
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217. This optical system is used for observing the external 
field or landscape and, at the same time, presenting an 
information display of data and icons in overlapping relation 
on the landscape. 

The rays of light 145 radiating from the information 
display device 141 are reflected from a Surface 142, going to 
the object side until they arrive at a half-mirror 143 of 
concave curvature. The reflected ones of the light rays 145 
from the half-mirror 143 are nearly collimated by the 
refractive power of the concave surface 143, and refract in 
crossing the Surface 142, reaching the eye 144 of the 
observer. The observer views an enlarged virtual image of 
the displayed data or icons. 

Meanwhile, a light beam 146 from an object enters at a 
surface 147 which is nearly parallel with the reflecting 
Surface 142, and is refracted by it and arrives at the concave 
Surface 143. Since this Surface 143 is coated with a half 
permeable layer by the vacuum evaporation technique, part 
of the light beam 146 penetrates the concave surface 143 and 
refracts in crossing the Surface 142, entering the pupil 144 
of the observer. So, the observer views the display image in 
overlapping relation on the external field or landscape. 

FIG. 28 is a schematic diagram of the main parts of 
another observing optical System disclosed in Japanese 
Laid-Open Patent Application No. Hei 2-297516. This opti 
cal System, too, is used for Viewing the external field or 
landscape and, at the same time, noticing the information on 
the display device in overlapping relation. 

In this system, a light beam 154 from an information 
display 150 enters a prism Pa at a flat surface 157 and is 
incident on a paraboloidal reflecting Surface 151. Being 
reflected from this surface 151, the display light beam 154 
becomes a converging beam. Before the display light beam 
154 forms an image on a focal plane 156, three total 
reflections occur as the beam 154 travels between two 
parallel flat surfaces 157 and 158 of the prism Pa. A thinning 
of the entirety of the optical System is thus achieved. 

From the focal plane 156, the display light beam 154 exits 
as a diverging beam and, while repeating total reflection 
from the flat surfaces 157 and 158, goes on until it is incident 
on a paraboloidal surface 152. Since this surface 152 is a 
half-mirror, the beam 154 is reflected and, at the same time, 
undergoes its refractive power, forming an enlarged virtual 
image of the display and becoming a nearly parallel beam. 
After having penetrated the surface 157, the beam 154 enters 
the pupil 153 of the observer. Thus, the observer looks at the 
display image on the background of the external field or 
landscape. 

Meanwhile, an object light beam 155 from the external 
field passes through a flat Surface 158b constituting a prism 
Pb, then penetrates the paraboloidal half-mirror 152 and 
then exits from the surface 157, reaching the eye 153 of the 
observer. So, the observer views the external field or land 
Scape with the display image overlapping thereon. 

Further, an optical element can be used in the reflecting 
Surface of the prism. This is exemplified as disclosed in, for 
example, Japanese Laid-Open Patent Applications Nos. Hei 
5-12704 and Hei 6-139612 as applied to the optical head for 
photo-pickup. Such a head receives the light from a Semi 
conductor laser, then reflects it from the Fresnel Surface or 
hologram Surface to form an image on a disk, and then 
conducts the reflected light from the disk to a detector. 

The mirror optical systems of the U.S. Pat. Nos. 3,674, 
334, 5,063,586 and 4,265,510 mentioned before have a 
common feature that all the reflecting mirrors are made 
decentered by respective different amounts to one another. 
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Hence, the mounting mechanism for the reflecting mirrors 
becomes very complicated in Structure. It is also very 
difficult to Secure the acceptable mount tolerance. 

It should be also noted that the known reflecting-type 
photographic optical Systems are adapted for application to 
the So-called telephoto type of lens Systems as this type has 
a long total length and a Small field angle. To attain a 
photographic optical System handling field angles from the 
Standard lens to the wide-angle lens, which require an 
increasing number of reflecting Surfaces for correcting 
aberrations, the parts must be manufactured even more 
precisely and assembled with even Severer a tolerance. 
Therefore, production costs rise. Otherwise, the size of the 
entire System tends to increase largely. 

Also, the observing optical systems of the U.S. Pat. No. 
4,775,217 and the Japanese Laid-Open Patent Application 
No. Hei 2-297516 mentioned before each have an aim 
chiefly to produce the pupil image forming function Such 
that, as the information display is positioned remotely of the 
observer's eye, the light is conducted with high efficiency to 
the pupil of the observer. Another chief aim is to change the 
direction of travel of the light. Concerning the positive use 
of the curvature-imparted reflecting Surface in correcting 
aberrations, therefore, no technical ideas are directly dis 
closed. 

Also, the optical Systems for photo-pickup of the Japanese 
Laid-Open Patent Applications Nos. Hei 5-12704 and Hei 
6-1396.12 mentioned before each limit its use in the detect 
ing purpose. Therefore, these Systems are unable to Satisfy 
the imaging performance for photographic optical Systems 
and particularly image pickup apparatus using CCD or like 
area type image Sensor. 

SUMMARY OF THE INVENTION 

A plurality of reflecting Surfaces of curved and flat shapes 
are formed in unison to produce an optical element. By using 
a plurality of Such optical elements, a mirror optical System 
is constructed to minimize its size. At the same time, the 
position and orientation tolerances (assembling tolerances) 
for the reflecting mirrors are made looser than was hereto 
fore usually necessary mirror optical Systems. It is, 
therefore, a first object of the invention to provide a highly 
accurate optical System of reflecting type and an image 
pickup apparatus using the Same. 
A Stop is located at a position nearest the object Side in the 

optical System, and an object image is formed at least once 
within the optical System. With this, even in a reflecting-type 
wide angle optical System, the effective diameter of the 
optical System is shortened. Moreover, a plurality of reflect 
ing Surfaces constituting the optical element are given 
appropriate refractive powers and the reflecting Surfaces 
constituting every optical System are arranged in decentering 
relation to thereby ZigZag the optical path in the optical 
System to a desired conformation, thus shortening the total 
length of the optical System in a certain direction. It is, 
therefore, a Second object of the invention to provide a 
compact optical System of reflecting type and an image 
pickup apparatus using the Same. 
To attain the above objects, a reflecting-type optical 

System according to the invention comprises an optical 
element composed of a transparent body having an entrance 
Surface, an exit Surface and at least three curved reflecting 
Surfaces of internal reflection, wherein a light beam coming 
from an object and entering at the entrance Surface is 
reflected from at least one of the reflecting Surfaces to form 
a primary image within the optical element and is, then, 
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made to exit from the exit Surface through the remaining 
reflecting Surfaces to form an object image on a predeter 
mined plane, and wherein 70% or more of the length of a 
reference axis in the optical element lies in one plane. 

In particular, the characteristic features of the invention 
are as follows: 

A Stop is located adjacent to the entrance Surface of the 
optical element; 

The first curved reflecting Surface of the optical element, 
when counted from the object Side, has a converging 
action; 

The first curved reflecting surface is formed to an ellip 
Soid of revolution; 

The shape of the first curved reflecting Surface is 
expressed by using a local coordinate System (x,y,z) for 
the first curved reflecting Surface and letting coeffi 
cients representing the shape of a base Zone of the first 
curved reflecting Surface be denoted by a, b and t, 
wherein, putting 

and defining 

the following conditions are Satisfied: 

0.9&bids2.0 

where 0 is an angle of inclination of the first curved 
reflecting Surface with respect to the reference axis and 
d is the distance between the center of the Stop and the 
first curved reflecting Surface as measured along the 
reference axis, 

All design parameters are So determined that an entrance 
pupil of the reflecting type optical System is located 
nearer to an object Side than the first reflecting Surface, 
when counted from the object Side, of the optical 
element; 

In the optical element, an entering reference axis and an 
exiting reference axis are in parallel and are directed in 
the same direction; 

In the optical element, an entering reference axis and an 
exiting reference axis are in parallel and are directed in 
opposite directions, 

In the optical element, an entering reference axis and an 
exiting reference axis are orthogonal to each other; 

The curved reflecting Surfaces constituting the optical 
element each are of a form having only one plane of 
Symmetry; 

The entrance Surface and the exit Surface each have a 
refractive power; 

The entrance Surface has a positive refractive power; 
The entrance Surface has a negative refractive power and 

the exit Surface has a positive refractive power; 
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The entrance Surface and the exit Surface each have a 

negative refractive power; 
The entrance Surface and the exit Surface each have a 

positive refractive power; 
The entrance Surface has a positive refractive power and 

the exit Surface has a negative refractive power; 
The entrance Surface and the exit Surface each have a form 

which is rotationally Symmetric with respect to the 
reference axis, 

The optical element moves in parallel to the exiting 
reference axis to effect focusing; 

The whole of the reference axis of the optical element lies 
on one plane; and 

The optical element has a reflecting Surface whose normal 
line at a point of interSection with the reference axis is 
inclined with respect to a plane in which more than 
70% of the length of the reference axis of the optical 
element lies. 

Another reflecting type optical System according to the 
invention comprises an optical element having at least three 
curved reflecting Surfaces of Surface reflection whose refer 
ence axis lies on one plane and which are formed in unison 
So as to be opposed to each other, wherein a light beam 
coming from an object is reflected from at least one of the 
three curved reflecting Surfaces to form an object image and 
the object image is then re-formed in a contracted fashion on 
a predetermined plane by the remaining reflecting Surfaces. 

In particular, the characteristic features of the invention 
are as follows: 

A Stop is located on an object Side of the optical element; 
The first curved reflecting surface, when counted from the 

object Side, of the optical element has a converging 
action; 

The first curved reflecting surface is formed to an ellip 
Soid of revolution; 

The shape of the first curved reflecting Surface is 
expressed by using a local coordinate System (x,y,z) for 
the first curved reflecting Surface and letting coeffi 
cients representing the shape of a base Zone of the first 
curved reflecting Surface be denoted by a, b and t, 
wherein, putting 

and defining 

the following conditions are Satisfied: 

0.93afda2.0 

0.9&bids2.0 

where 0 is an angle of inclination of the first curved 
reflecting Surface with respect to the reference axis and 
d is the distance between the center of the Stop and the 
first curved reflecting Surface as measured along the 
reference axis, 
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All design parameters are So determined that an entrance 
pupil of the reflecting type optical System is located 
nearer to an object Side than the first reflecting Surface, 
when counted from the object Side, of the optical 
element; 

In the optical element, an entering reference axis and an 
exiting reference axis are in parallel and are directed in 
the same direction; 

In the optical element, an entering reference axis and an 
exiting reference axis are in parallel and are directed in 
opposite directions, 

In the optical element, an entering reference axis and an 
exiting reference axis are orthogonal to each other; 

A refracting optical System is located on the object and/or 
image Side of the optical element; 

The curved reflecting Surfaces constituting the optical 
element each are of a form having only one plane of 
Symmetry; and 

The optical element moves in parallel to the exiting 
reference axis to effect focusing. 

A further optical System of reflecting type according to the 
invention comprises an optical element having formed 
therein in unison at least three curved reflecting Surfaces 
composed of Surface-reflecting mirrors and a reflecting 
Surface whose normal line at a point of interSection with a 
reference axis is inclined with respect to a plane in which the 
reference axis among the plurality of reflecting Surfaces lie, 
wherein, as a light beam coming from an object repeats 
reflection from the plurality of reflecting Surfaces and then 
exits to form an image of the object, the object beam coming 
from the object is once focused to form an object image in 
one of Spaces among the plurality of reflecting Surfaces and 
is then focused to re-form the object image. 

In particular, the characteristic features of the invention 
are as follows: 
A Stop is located on an object Side of the optical element; 
The first curved reflecting surface, when counted from the 

object Side, of the optical element has a converging 
action; 

The first curved reflecting surface is formed to an ellip 
Soid of revolution; 

The shape of the first curved reflecting Surface is 
expressed by using a local coordinate System (x,y,z) for 
the first curved reflecting Surface and letting coeffi 
cients representing the shape of a base Zone of the first 
curved reflecting Surface be denoted by a, b and t, 
wherein, putting 

and defining 

the following conditions are Satisfied: 

where 0 is an angle of inclination of the first curved 
reflecting Surface with respect to the reference axis and 
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8 
d is the distance between the center of the Stop and the 
first curved reflecting Surface as measured along the 
reference axis, 

All design parameters are So determined that an entrance 
pupil of the reflecting type optical System is located 
nearer to an object Side than the first reflecting Surface, 
when counted from the object Side, of the optical 
element; 

In the optical element, an entering reference axis and an 
exiting reference axis are orthogonal to each other; and 

The curved reflecting Surfaces constituting the optical 
element each are of a form having only one plane of 
Symmetry. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram of geometry to explain a coordinate 
System in embodiments of the invention. 

FIG. 2 is a sectional view in the YZ plane of an embodi 
ment 1 of the optical System according to the invention. 

FIG. 3 is similar to FIG.2 except that the path of the pupil 
light rays is shown. 

FIGS. 4A-4F are graphs of lateral aberrations of the 
embodiment 1. 

FIG. 5 is a sectional view in the YZ plane of an embodi 
ment 2 of the optical System according to the invention. 

FIGS. 6A-6F are graphs of lateral aberrations of the 
embodiment 2. 

FIG. 7 is a sectional view in the YZ plane of an embodi 
ment 3 of the optical System according to the invention. 

FIGS. 8A-8F are graphs of lateral aberrations of the 
embodiment 3. 

FIG. 9 is a sectional view in the YZ plane of an embodi 
ment 4 of the optical System according to the invention. 

FIGS. 10A-10F are graphs of lateral aberrations of the 
embodiment 1. 

FIGS. 11A and 11B are a sectional views in the YZ plane 
and a side elevation view of an embodiment 5 of the optical 
System according to the invention. 

FIG. 12 is a perspective view of the embodiment 5. 
FIGS. 13 A-13F are graphs of lateral aberrations of the 

embodiment 5. 

FIG. 14 is a sectional view in the YZ plane of an 
embodiment 6 of the optical System according to the inven 
tion. 

FIGS. 15A-15F are graphs of lateral aberrations of the 
embodiment 6. 

FIG. 16 is a sectional view in the YZ plane of an 
embodiment 7 of the optical System according to the inven 
tion. 

FIGS. 17A-17F are graphs of lateral aberrations of the 
embodiment 7. 

FIG. 18 is a sectional view in the YZ plane of an 
embodiment 8 of the optical System according to the inven 
tion. 

FIGS. 19A-19F are graphs of lateral aberrations of the 
embodiment 8. 

FIG. 20 is a sectional view in the YZ plane of an 
embodiment 9 of the optical System according to the inven 
tion. 

FIGS. 21A-21F are graphs of lateral aberrations of the 
embodiment 9. 

FIG. 22 is a sectional view in the YZ plane of an 
embodiment 10 of the optical System according to the 
invention. 
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FIGS. 23A-23F are graphs of lateral aberrations of the 
embodiment 10. 

FIG. 24 is a diagram of the fundamental configuration of 
the Cassegrainian reflecting telescope. 

FIG.25 is a diagram to explain a first method of avoiding 
the Vignetting by putting the principal ray away from the 
optical axis in the mirror optical System. 

FIG. 26 is a diagram to explain a Second method of 
avoiding the Vignetting by putting the principal ray away 
from the optical axis in the mirror optical System. 

FIG. 27 is a diagram of an observing optical System using 
a prism having a curved reflecting Surface. 

FIG. 28 is a diagram of another observing optical System 
using a prism having curved reflecting Surfaces. 

In the drawings, reference character Ri denotes the Sur 
face except R1 represents the Stop, reference character Di is 
the Separation between adjacent two of the Surfaces along 
the reference axis, and reference characters Ndi and Vdi are 
respectively the refractive index and Abbe number. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Prior to the description of the embodiments, the expres 
Sion of the various constitutional dimensions and the com 
mon features of all the embodiments are described below. 

FIG. 1 is a diagram taken to explain a coordinate System 
by which to define the design parameters for the optical 
system of the invention. In the embodiments of the 
invention, as one ray of light (shown by dot-and-dash lines 
and referred to as the “reference axis” ray) travels from the 
object Side to an image plane, the Surfaces are numbered 
consecutively along this ray and represented by Ri for the 
i-th Surface. 

In FIG. 1, the first surface R1 is a stop, the second surface 
R2 is a refracting Surface coaxial to the first Surface, the third 
Surface R3 is a reflecting Surface tilted relative to the Second 
Surface R2, the fourth Surface R4 and the fifth Surface R5 
each are a reflecting Surface shifted and tilted relatively to 
the respective preceding Surface, and the Sixth Surface R6 is 
a refracting surface shifted and tilted relatively to the fifth 
Surface R5. All of the second to sixth Surfaces R2 to R6 are 
formed on a Substrate of glass, plastic or like medium to 
form a single optical element indicated by reference numeral 
10. 

In the construction and arrangement of FIG. 1, therefore, 
the medium from an object plane (not shown) to the Second 
Surface R2 is air, the Space from the Second to Sixth Surface 
R2 to R6 is a certain common medium, and the medium 
from the sixth surface R6 to a seventh surface R7 (not 
shown) is air. 

Since the optical System of the invention is the decenter 
ing one, all the Surfaces constituting the optical System have 
no common optical axis. Accordingly, for the embodiments 
of the invention, an absolute coordinate System is estab 
lished with the original point at the center of a ray effective 
diameter of the first Surface. 

Then, in the embodiments of the invention, the central 
point of a ray effective diameter of the first Surface is 
assumed to be the original point, and the path of a ray of 
light passing the original point and the center of the last 
image forming plane (reference axis ray) is assumed to be a 
reference axis. Further, the reference axis has an orientation 
(direction). This orientation points to the direction in which 
the reference axis ray advances in forming an image. 

Though, in the embodiments of the invention, the refer 
ence axis on which the design of the optical System is based 
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10 
has been determined as described above, it is to be noted that 
choice of an axis for the reference of the optical System may 
otherwise be made as is favorable for the design of optics, 
good compromise of aberrations, or the expression of the 
shapes of all the Surfaces constituting the optical System. In 
the general case, however, as the reference axis, use is made 
of the optical path that intersects an image plane at the center 
thereof and one of the Stop, the entrance pupil, the exit pupil 
and the first and last Surfaces of the optical System at the 
center thereof. 

With this regard, in the embodiments of the invention, 
determination of the reference axis is made in the Steps of 
Selecting a ray which crosses the first Surface, that is, the 
Stop plane, at the central point of the ray effective diameter 
thereof and is to arrive at the center of the last image forming 
plane (or the reference axis ray), tracing it across each 
refracting Surface and by each reflecting Surface, and adopt 
ing the found path as the reference axis. The numbering of 
each Surface is determined in the order of Succession of the 
refractions and reflections the reference axis ray undergoes. 

Therefore, each time the found Surface number increases 
by one, the reference axis changes its orientation depending 
on the law of refraction or reflection, finally reaching the 
center of the image plane. 

In each embodiment of the invention, of the Surfaces 
constituting the optical System, the tilted ones are funda 
mentally all obtained as the result of tilting in one and the 
Same plane. Accordingly, the axes of the absolute coordinate 
System are defined as follows: 
Z axis: the reference axis passing the original point and 

advancing to the Second Surface R2; 
Y axis: a line passing the original point and making an 

angle of 90 with respect to the Z axis as obtained by 
turning counterclockwise in the tilt plane (in the paper 
of the drawing of FIG. 1); and 

X axis: a line passing the original point and perpendicular 
to each of the Z and Y axes (the line normal to the paper 
of the drawing of FIG. 1). 

To express the shape of the i-th Surface constituting part 
of the optical System, the absolute coordinate System is not 
as Suitable for the purpose of better understanding as using 
a local coordinate System whose original point is taken at the 
point of intersection of the reference axis with the i-th 
Surface. In the Specific embodiments of the invention, 
therefore, the numerical data of the design parameters for the 
i-th Surface are given by using the local coordinate System. 
As the i-th surface tilts in the YZ plane, the counterclock 

wise direction from the Z axis of the absolute coordinate 
System is taken as positive when the tilted angle 0i is 
measured (in units of degree ().) In the embodiments of the 
invention, therefore, the original point of the local coordi 
nate system for each surface lies on the YZ plane in FIG. 1. 
It should be also noted that there is no decentering in the XZ 
and XY planes. Further, in view of the absolute coordinate 
System (X,Y,Z), the local coordinate System (x,y,z) for the 
i-th surface have its y and Z axes inclined by 0i in the YZ 
plane. Accordingly, the axes of the local coordinate System 
are defined as follows: 

Z axis: a line passing the original point of the local 
coordinates and making an angle 0i with respect to the 
Z direction of the absolute coordinate System as 
obtained by turning counterclockwise in the YZ plane; 

y axis: a line passing the original point of the local 
coordinates and making an angle of 90 with respect to 
the Z axis as obtained by turning counterclockwise in 
the YZ plane; and 
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X axis: a line passing the original point of the local 
coordinates and perpendicular to the YZ plane. 

Di is the Scalar space between the original points of the 
local coordinates for the i-th and (i+1)st Surfaces, and Ndi 
and voli are respectively the refractive index and Abbe 
number of the medium between the i-th and (i+1)st surfaces. 

Also, the embodiments of the optical Systems of the 
invention are illustrated in the diagrams and given the 
numerical data. 

The optical system of each of the embodiments of the 
invention has a Spheric Surface and an aspheric Surface 
which is rotationally asymmetric. Of these, the Spheric ones 
are expressed as the Spheres described by the radius of 
curvature Ri. The radius of curvature Ri is given a minus 
Sign when the center of curvature lies on the first Surface side 
in the reference axis (the dot-and-dash lines in FIG. 1) 
oriented from the first Surface to the image plane, or a plus 
Sign when on the image plane Side. 

The shape of the Sphere is expressed by the following 
equation: 

Also, as the optical System of the invention employs at 
least one aspheric Surface which is rotationally asymmetric, 
the shape of this aspheric Surface is expressed by the 
following equation: 

where 

Since the Surface equation described above contains only 
the terms of even number orders in respect to X, the Surface 
defined by Such an equation takes the YZ plane as a plane 
of Symmetry So it has the Shape of Symmetry with respect to 
a plane. Further, in a case where the following conditions are 
Satisfied, Co=C=0, t=0 its shape is Symmetrical with 
respect to the XZ plane. Further, in a case where the 
following conditions are Satisfied, 

its shape is Symmetrical with respect to the XZ plane. 
Further, in a case where the following conditions are 
Satisfied, 

its shape is of rotational Symmetry. In a case where the 
foregoing conditions are not satisfied, its shape is of rota 
tional asymmetry. 

It should be noted that, in all the embodiments of the 
invention, “Co=Co-0” is Satisfied. So, the shape is 
obtained by adding the higher order asymmetric asphere to 
the basic form of the Second order Sphere. 

In each embodiment of the invention, as shown in FIG. 1, 
the first Surface is the stop. Also, the term “horizontal 
half-angle of View u” used herein means the maximum 
angle of view of the light beam entering the Stop R1 in the 
YZ plane, and the term “vertical half-angle of view u” 
means the maximum angle of View entering the Stop in the 
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XZ plane. Also, the diameter of the first Surface or the Stop 
is shown as the aperture diameter. This correlates to the 
Speed of the optical System. It should be noted that Since the 
entrance pupil is in the first Surface, the aperture diameter 
described above is equal to the entrance pupil diameter. 

Also, the effective image area on the image plane is 
shown as the image size. The image size is represented by 
a rectangular area in which the Size in the y direction is a 
horizontal one and the size in the X direction is a vertical one. 

Further, the Size of the optical System is shown in each of 
the embodiments. The optical System size is determined by 
the effective diameter of the light beam. 

Also, as far as the embodiment which has the data of the 
design parameters cited therein is concerned, its lateral 
aberrations are shown by graphic representations. These 
graphs are depicted in every Such embodiment by tracing the 
rays of light whose angles of incidence have the values (u, 
u), (0, u), (-u, u,), (u, 0), (0,0) and (-u,0) in the 
coordinates of the horizontal and vertical angles of incidence 
on the Stop R1. In the graphs of the lateral aberrations, the 
abscissa represents the height of incidence on the pupil and 
the ordinate represents the amount of aberration. In each of 
the embodiments, basically every surface has the form of 
plane Symmetry with the yZ plane made to be the plane of 
Symmetry. Therefore, even in the graphs of the lateral 
aberrations, the plus and minus directions of the vertical 
angle of View become the Same. For the Simplicity of 
representation, the graphs of the lateral aberrations of the 
minus direction are omitted. 

Next, each of the embodiments is described in detail 
below. 
(Embodiment 1) 

FIGS. 2 and 3 are sectional views in the YZ plane of a first 
embodiment of the optical System according to the inven 
tion. This embodiment is a photographic optical System 
whose horizontal angle of view is 52.6 degrees and whose 
Vertical angle of View is 40.6 degrees. The optical path is 
even shown in FIG. 2. FIG. 3 shows the optical path of the 
pupil ray (off-axial principal ray). The numerical values of 
the parameters of the present embodiment are listed below: 

Horizontal Half-Angle of View: 26.3° 
Vertical Half-Angle of View: 20.3 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
Optical System Size: (XxYxZ)=10.4x27.4x21.2 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 3.40 1 Stop 
2 O.OO 3.40 O.OO 7.OO 151633 64.15 R* 
3 O.OO 10.40 25.OO 1O.OO 151633 64.15 L* 
4 -7.66 3.97 1O.OO 1O.OO 151633 64.15 L 
5 -12.66 12.63 1O.OO 8.5O 151633 64.15 L 
6 -1917 7.17 25.00 7.OO 151633 64.15 L 
7 -19.17 14.17 O.OO 3.OO 1 R 
8 -19.17 19.17 O.OO 2.OO 151633 64.15 R 
9 -19.17 19.17 O.OO 2.07 1 R 
1O -19.17 2124 O.OO O.OO 1 I.P. 

*R for refracting surface; L for reflecting surface, I.P. for image plane 

Spherical Shape 
R1:oo 
R2:4887 
R7:-6.524 
R8:oo 
R9:OO 
R1O:oo 



US 6,785,060 B2 
13 

Aspherical Shape 

R3: a = -1.61839e--01 b = -1.25665e+01 t = 2.59881e--O1 
Co2 = 0. C20 = 0. 
C = -1.38328e-04 C = 4.61307e-04 
C = 9.02763e-06 C = 7.64906e-05 C = 1.02169e-05 

R 4: a = -2.50732e+00 b = 2.52739e+00 t = -8.04837e+01 
Co2 = 0. C20 = 0. 
C = 1.15553e-03 C = 4.86323e-03 
C = -1.25972e-04 C = -2.57791e-04 C = -6.89833e-04 

R 5: a = -9.53779e+01 b = -3.533.71e--01 t = 4.352O7e+01 
Co2 = 0 C20 = 0. 
C = 3.53074e–04 C = -1.26967e-03 
C = -2.02832e-05 C = -3.46921e–04 C = -8.12941e–05 

R 6: a = 5.05342e+00 b = -8.31188e-00 t = -2.24737e+01 
Co2 = 0. C20 = 0. 
C = -5.59866e-04 C = -1.17474e–03 
C = -1.394.01e-04 C = -2.09750e-04 C = -1.35370e–04 

In FIG. 2, an optical element 10 has a plurality of curved 
reflecting Surfaces and is made from a glass or like trans 
parent body. The external Surface of the optical element 10 
is constructed, as comprising, in order of passage of the ray 
from an object, a refracting Surface R2 (entrance Surface) 
having a negative refractive power in concave form toward 
the object Side, four reflecting Surfaces, namely, a concave 
mirror R3 for giving convergence to the ray, a reflecting 
surface R4, a reflecting surface R5 and a concave mirror R6, 
and a refracting Surface R7 (exit Surface) having a positive 
refractive power in convex form toward the image Side. A 
Stop R1 (entrance pupil) is located on the object Side of the 
optical element 10. Aquartz low-pass filter, infrared cut filter 
or like optical correction plate 3 is located in front of a last 
image plane R10 which is coincident with the image Sensing 
Surface of a CCD or like image pickup element (or recording 
medium). A reference axis of the photographic optical 
System is indicated by reference numeral 5. 

It is to be noted that the two refracting surfaces R2 and R7 
each are of rotational Symmetry, or a sphere, and all the 
reflecting surfaces R3 to R6 are symmetrical with respect to 
the YZ plane only. 

Next, the image forming function in this embodiment is 
described. A light beam 1 coming from the object, after its 
amount of incidence is restricted by the Stop R1, enters the 
optical element 10 at the entrance surface R2, in which it is 
reflected from the Surfaces R3 and R4 and once forms an 
image in the neighborhood of the surface R4. The light beam 
1 from the image is then reflected from the surfaces R5 and 
R6 in Succession, then exits from the exit Surface R7, then 
passes through the optical correction plate 3 and then forms 
an image again on the last image plane R10. It is noted that 
the object light beam forms the intermediate image in the 
neighborhood of the Surface R4 and the pupil rays forms an 
intermediate image in a Space between the SurfaceS R5 and 
R6. 

In the present embodiment, the direction of the reference 
axis entering the optical element 10 and the direction of the 
reference axis exiting therefrom are parallel to each other 
and are the same direction. Also, the whole of the reference 
axis including entering and exiting lies in the paper of the 
drawing (YZ plane). 

In Such a manner, the optical element 10, owing to the 
refractive powers by the entrance and exit Surfaces and to the 
refractive powers in the interior thereof by the plurality of 
curved reflecting mirrors, functions as a lens unit having the 
desired optical performance with the overall refractive 
power being positive. 

In the present embodiment, focusing on a close object is 
performed by moving the whole optical System relative to 
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the image Sensing Surface R10 of the image pickup element. 
Particularly in the present embodiment, because the direc 
tion of the reference axis entering the optical element 10 and 
the direction of the reference axis exiting from the optical 
element 10 are parallel to each other and are the same 
direction, the whole optical System can be moved in parallel 
to the direction of the exiting reference axis (Z axis 
direction). Thus, the focusing operation can be carried out as 
in the conventional lens System. 

Also, the lateral aberrations of the optical System of the 
present embodiment are shown in FIG. 4. It is found that, in 
the present embodiment, good balance of aberration correc 
tion is obtained. 
The advantages of the present embodiment are described 

below. 
In the case of the present embodiment where the entrance 

pupil is located in the neighborhood of the first surface R2 
of the optical element 10, particularly the fact that the first 
curved reflecting surface R3, when counted from the object 
Side, is given the converging action, contributes to a reduc 
tion of the Size of the optical System. In more detail, the pupil 
ray (principal ray) is caused to form the intermediate image 
in the Stage near to the entrance Surface, thereby further 
reducing the thickness of the optical System. After having 
exited from the Stop R1 and before expanding largely, the 
off-axial principal ray is made to converge. With this, when 
increasing the angle of View of the optical System, the 
increase of the effective diameters of the first reflecting 
surface R3 and those that follow is suppressed. 

In particular, as shown in FIG. 3, the first reflecting 
surface R3 is made to be an ellipsoid of revolution with a 
focus at an apparent stop center 6' (entrance pupil to the 
surface R3) as viewed from that reflecting surface and 
another focus at a virtual point 8" on the yZ plane having 
contained therein the Zigzagging reference axis of the inte 
rior of the optical System. Therefore, the off-axial principal 
ray can be focused at an internal point 8 with almost no 
aberrations. By this, thinning of the optical element 10 can 
be achieved and, at the same time, the off-axial aberrations 
are Suppressed in the initial Stage. 

In this connection, it is desirable that the parameters 'a', 
band “t that represent the shape of the base Zone of the first 
reflecting surface R3 satisfy the following conditions: 

abso (1) 

0.9&t/0<1.5 (2) 
0.9<a/d <2.0 (3) 
0.94 b/d <2.0 (4) 

where d is the distance from the center of the stop to the first 
reflecting Surface R3 as measured along the reference axis. 
The inequality of condition (1) is to determine the aspect 

of the shape of the base Zone. In the case of its value being 
positive, an ellipsoid of revolution results with the two 
focuses in the yZ plane. Light issuing from one focus can 
form a real image at the other focus with almost no aber 
rations. The values of the a, b and t determine the positions 
of the two focuses of the ellipsoid. 
The inequalities of condition (2) are to insure that one of 

the focuses becomes the entrance pupil 6" for the first 
reflecting surface R3 as viewed from this surface. When 
either of the upper and lower limits of the condition (2) is 
Violated, the one focus fails to ride on the reference axis with 
the result that the off-axial rays do not form an image at the 
internal point, or, even if the image can be formed, the 
produced amount of aberrations increases largely. So, it is 
not preferable. 
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The inequalities of condition (3) are to the same purpose. 
When the upper or lower limit is violated, the distance 
between the first reflecting surface R3 and the focus differs 
largely from the distance from the first reflecting surface R3 
to the entrance pupil 6" for this surface. Still it results that the 
off-axial rays do not form an image at the internal point, or 
even if the image is formed, large aberrations are produced. 
So, it should be avoided. 

The inequalities of condition (4) are to make good com 
promise between the thinning of the optical System and the 
aberration correction. The d is considered to be the width of 
the optical System. AS compared with this, the position of the 
intermediate image point is regulated. When the upper limit 
is exceeded, as this means that the first reflecting Surface R3 
has its focus at too long a distance on the exit Side, the 
off-axial light beam hardly converges. So, in the case of 
increasing the angle of View of the optical System, Such 
expanding of the off-axial light beam causes the size of the 
optical System to increase objectionably. Conversely when 
the lower limit is exceeded, as this means that the refractive 
power of the first reflecting Surface is too strong, aberrations 
are produced particularly at the off-axis. 
The foregoing is the explanation of the conditions for the 

shape of the first reflecting surface R3 that is the ellipsoid of 
revolution. 

In the present embodiment, the entrance Surface R2 and 
the exit surface R7 of the optical system 10 have refractive 
powers (optical powers). In the present embodiment, the 
entrance Surface R2 is made to be a concentric concave 
Surface with the off-axial principal ray, thereby reducing the 
various off-axial aberrations. Also, the exit Surface R7 is 
formed to a convex shape toward the image side, thereby 
preventing the back focal distance from becoming too long. 
On the other hand, if the entrance Surface R2 is made convex 
toward the object Side, the off-axial rays converges in 
crossing this Surface. Therefore, the first reflecting Surface 
R3 can be prevented from increasing in size. 

Also, the shape of the exit surface R7 is determined so that 
the off-axial principal ray (pupil ray) to this Surface is to exit 
therefrom (to the image Side) in almost parallel, regardless 
of the angle of incidence, that is, to be telecentric. This 
produces an advantage when an image pickup element Such 
as a CCD is used. In this case, there is a gap between the 
color filter of the CCD and the light receiving surface. 
Therefore, the color separation would otherwise vary with 
variation of the angle of incidence on the image pickup 
element. AS the optical System is made telecentric to the 
image Side, the principal rays of the on-axial and off-axial 
light beams both become almost parallel to the optical axis. 
Therefore, the angle of incidence on the CCD becomes 
almost constant over the entire area of the light receiving 
Surface. 

Further, in the present embodiment, each of the reflecting 
Surfaces is a Surface which has only one plane of Symmetry. 
The shapes of the entrance and exit Surfaces, on the other 
hand, are rotationally Symmetric with respect to the refer 
ence axis. This is for the purpose of accurately measuring the 
reference axis when to manufacture and test the optical 
System. Also, by making the refracting Surface to be rota 
tionally Symmetric, the amount of produced asymmetric 
chromatic aberrations can be reduced. 

The present embodiment produces the following addi 
tional advantages: 

In the conventional optical system shown in FIG. 28, the 
reflecting Surfaces of the entrance and exit Sides have 
refractive powers, but the reflections therebetween play the 
only role of merely guiding the light beam, or the So-called 
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light guide. In the present embodiment, on the other hand, at 
least three reflecting Surfaces having refractive powers are 
formed in a unit, thereby producing the function of folding 
the optical axis and the function of correcting aberrations at 
once. Thus, a photographic optical System of compact form 
with a large flexibility of the shape and good performance 
can be obtained. 

In the present embodiment, the object light rays and the 
pupil light rays form intermediate images at the positions 7 
and 8, respectively. In Such a manner, in the present 
embodiment, the object and pupil light rays are made to 
form the intermediate images in the nearer Stage to the 
entrance Surface than with the conventional photographic 
optical System, thereby Suppressing the Size of each Surface 
of which the effective area is determined by the object light 
rays and the pupil light rays on the image Side of the Stop R1. 
Thus, the invention has Succeeded in minimizing the size of 
the cross-section of the optical System. 

Further, in the present embodiment, the reference axis 5 
that is ZigZagging in the interior of the optical System is 
contained in one and the same plane, that is, in the paper of 
the drawing of FIG. 2. By this, along with the formation of 
the intermediate images of the object light rays and pupil 
light rays within the element, the size in the direction (X 
direction) perpendicular to the paper of the drawing is 
minimized. 
The reflecting Surfaces constituting the optical System 

each have its normal line at the point of interSection of the 
entering and exiting reference axis to be out of coincidence 
with the direction of the reference axis, or are the So-called 
decentering reflecting Surface. This is for the purpose of 
preventing the vignetting effect from being produced as in 
the conventional mirror optical System. At the same time, a 
free configuration can be adopted. So, an optical element of 
good Space efficiency, compact form and free shape can be 
made. 

Further, the shape of each of the reflecting Surfaces has 
different radii of curvature in the orthogonal two planes (yz 
plane and XZ plane). This is for the purpose of Suppressing 
the decentering aberrations produced by the decentering 
arrangement of each reflecting Surface. Further, this reflect 
ing Surface is made asymmetric, thereby well correcting 
various aberrations. A desired optical performance is thus 
achieved. 

Also, in the present embodiment, the Stop R1 is arranged 
just in front of the entrance surface R2. In the case of the 
conventional optical System, the Stop (entrance pupil) is 
often arranged in the interior of the optical System, produc 
ing a problem that the longer the Separation from the Stop to 
the entrance Surface at the most front as viewed from the 
Stop, the higher the rate at which the ray effective diameter 
of the entrance Surface increases with increase of the angle 
of View. In the present embodiment, by arranging the Stop 
R1 on the object side of the photographic optical System (on 
the light beam entering side of the optical System), the 
increase of the Size of the photographic optical System 
resulting from the increase of the angle of View of the optical 
System is Suppressed to a minimum. 
AS is characteristic of the reflecting type optical System, 

the directions of the entering reference axis and the exiting 
reference axis can be changed in various ways by Selecting 
the combinations of the configurations of all the reflecting 
Surfaces. 
(Embodiment 2) 

FIG. 5 is a sectional view in the YZ plane of a second 
embodiment of the optical System according to the inven 
tion. The present embodiment is a photographic optical 
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System of 63.4 degrees in the horizontal angle of View and 
49.6 degrees in the vertical angle of view. FIG. 5 even shows 
the optical path. The data of the design parameters of the 
present embodiment are as follows: 

Horizontal Half-Angle of View: 31.7 
Vertical Half-Angle of View: 24.8 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
Optical System Size: (XxYxZ)=9.0x26.3x15.2 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 182 1 Stop 
2 O.OO 1.82 O.OO 7.49 15831O 30.2O R 
3 O.OO 9.30 18.49 9.86 15831O 30.2O L 
4 -5.93 1.43 3.23 9.3O 15831O 30.2O L 
5 -10.65 9.44 - 12.55 8.90 15831O 30.2O L 
6 -11.50 O.58 - 22.91 9.39 15831O 30.2O L 
7 -18.82 6.46 -25.63 8.02 1.58310 30.20 L 
8 -18.82 -1.56 O.O 3.68 1 R 
9 -18.82 -5.24 O.O O.OO 1 I.P. 

Spherical Shape 
R1:oo 
R2-7.648 
R8:10.757 
R9:OO 

Spherical Shape 

R 3: a = -1.09716e+01 b = -1.25390e--O1 = 2.15145e+01 
Co2 = 0. C20 = 0. 
C = 6.87152e-05 C = -1.21962e-04 
C = 3.592.09e-05 C = 1.02173e-04 C = 4.95588e-05 

R 4: a = -2.34468e--OO b = 4.88786e--OO = -3.56094e--O1 
Co2 = 0. C20 = 0. 
C = -4.48049e-03 C = -7.45433e-03 
C = 1.81003e-03 C2 = 2.09229e-03 C = -8.28024e–04 

R 5: a = -6.11985e+00 b = 1.70396e+01 = -2.17033e--O1 
Co2 = 0. C20 = 0. 
C = -3.23467e-04 C = -1.07985e-03 
C = -3.70249e-05 C = -1.74689e-04 C = -1.21908e-04 

R 6: a = ca. b = do = 0. 

Co2 = 0. C20 = 0. 
C = 1.10097e-03 C = -3.73963e-04 
C = -1.59596e-04 C = -3.22.152e-04 C = -1.74291e–04 

R 7: a = -2.11332e--01 b = -1.31315e+03 = 1.70335e+00 
Co2 = 0. 
C = 8.29145e-05 
C = -2.50522e-05 C = -5.28330e-05 C = -2.91711e-05 

In FIG. 5, an optical element 10 has a plurality of curved 
reflecting Surfaces and is made from a glass or like trans 
parent body. The external Surface of the optical element 10 
is made, as comprising, in order of passage of light from an 
object, a refracting Surface R2 (entrance Surface) having a 
negative refractive power in concave form toward the object 
Side, five reflecting Surfaces, namely, a concave mirror R3 
for giving convergence to the light rays, a convex mirror R4 
for giving divergence, a concave mirror R5 for giving 
convergence, a reflecting Surface R6 for giving convergence 
and a concave mirror R7, and a refracting surface R8 (exit 
Surface) having a positive refractive power in convex form 
toward the image Side. A Stop R1 is located on the object Side 
of the optical element 10. Alast image plane R9 is coincident 
with the image Sensing Surface of a CCD or like image 
pickup element. A reference axis of the photographic optical 
System is indicated by reference numeral 5. 
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It is to be noted that the two refracting Surfaces each are 

rotationally Symmetrical or a sphere, and all the reflecting 
Surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function 
described below. A light beam 1 coming from the object 
passes through the Stop R1, by which the light intensity is 
regulated, then enters the optical element 10 at the entrance 
Surface R2, is then reflected from the Surface R3, then once 
forms an image in the Space between the SurfaceS R3 and R4, 
is then reflected from the Surfaces R4, R5, R6 and R7 in 
Succession, then exits from the exit Surface R8, and then 
forms an image again on the last image plane R9. 
Owing to Such refractive powers by the entrance and exit 

Surfaces and to Such refractive powers in the internal Space 
therebetween by the plurality of curved reflecting mirrors, 
the optical element 10 functions as a lens unit having a 
desired optical performance with the overall refractive 
power being positive. 

In the present embodiment, the direction of the reference 
axis entering the optical element 10 and the direction of the 
reference axis exiting therefrom are parallel to each other 
and are opposite to each other. Also, the whole of the 
reference axis including entering 

In the present embodiment, focusing to a close object is 
performed by moving the whole optical System relative to 
the image receiving Surface R10 of the image pickup ele 
ment. Particularly in the present embodiment, because the 
direction of the reference axis entering the optical element 
10 and the direction of the reference axis exiting from the 
optical element 10 are parallel, the whole optical System can 
be moved in parallel to the direction of the exiting reference 
axis (Z axis direction), So that the focusing operation is 
carried out as in the conventional lens System. 

Also, the lateral aberrations of the optical System of the 
present embodiment are shown in FIG. 6. 
The present embodiment produces similar advantages to 

those of the embodiment 1. 

Besides these, in the present embodiment, because the 
entrance and exit Surfaces for the optical element 10 are 
arranged on one side thereof, it is possible to make an optical 
system of reduced width in the X direction with the total 
length in the direction of the Z axis (+) being minimized. 

Since the present embodiment is constructed with one 
more reflecting Surface than in the embodiment 1 for the 
purpose of reversing the direction of the reference axis ray, 
determination of the refractive powers for all the surfaces 
and distribution of the capability of correcting asymmetric 
aberrations over the reflecting Surfaces are made more 
suitable. It is thus possible to achieve improvements of the 
imaging performance and even more an increase of the angle 
of view. 

(Embodiment 3) 
FIG. 7 is a sectional view in the YZ plane of a third 

embodiment of the optical System according to the inven 
tion. The present embodiment is a photographic optical 
System of 40.0 degrees in the horizontal angle of View and 
52.0 degrees in the vertical angle of view. FIG. 7 even shows 
the optical path. The data of the design parameters of the 
present embodiment are shown below. 

Horizontal Half-Angle of View: 20.0° 
Vertical Half-Angle of View: 26.0 
Aperture Diameter: 2.5 mm 
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Image Size: Horizontal 3 mmxVertical 4 mm 
Optical System Size: (XxYxZ)=120x32.7x12.9 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 2.25 1 Stop 
2 O.OO 2.25 O.OO 6.75 151633 64.15 R 
3 O.OO 9.OO 25.18 8.75 151633 64.15 L 
4 -6.74 3.42 17.48 8.75 151633 64.15 L 
5 -9.06 11.85 15.54 8.75 151633 64.15 L 
6 -15.41 5.83 O.49 8.75 151633 64.15 L 
7 -21.65 11.96 -18.56 9.00 1.51633 64.15 L 
8 -22.96 3.06 -40.55 5.80 151633 64.15 L 
9 -28.76 3.11 -89.47 1.OO 1 R 
10 -29.76 3.12 -89.47 OOO 1 I.P. 

Spherical Shape 
R1:oo 
R2: 9.799 
R9:-17.732 

Aspherical Shape 

R 3: a = -1.OOOOOe--O2 b = -8.74864-e--00 t = 1.88O37e--O 
Co2 = 0. C20 = 0. 
C = -6.48391e-04 C = -1.07411e-03 
C = 7.88198e-05 C = 2.68977e-04 C = 3.64351e–05 

R 4: a = -1.36388e-01 b = -7.75615e+01 t = 5.21719e+0 
Co2 = 0. C20 = 0. 
C = 2.95862e-05 C = -3.33476e–03 
C = 5.14020e-04 C = -2.71521e–04 C = -3.72473e-04 

R 5: a = -1.27617e+01 b = -2.39346e+01 t = 4.41911e--0 
Co2 = 0. C20 = 0. 
C = 1.05543e-04 C = -1.60047e-04 
C = 5.77804e–06 C = -4.74244e–05 C = -4.86554e–06 

R 6: a = -9.22255e+00 b = -468183e--01 t = 6.55811e--0 
Co2 = 0. C20 = 0. 
C = 2.85339e-07 C = -3.51430e–06 
C = -8.24508e-07 C = -3.64252e-06 C = 2.73565e-06 

R 7: a = -1.44157e+01 b = -2.52331e--01 t = 3.36030e--0 
C = 0. C = 0. 
C = 4.53839e-07 C = 1.49252e-06 
C = 1.60060e–07 C = -3.37563e-07 C = 1.77901e–07 

R 8: a = 6.8888Se+02 b = 1.26527e+04 = -8.69057e+01 
C = 0. C = 0. 
C = -6.58580e-06 C = -1.96913e-05 
C = -1.39036e-05 C = 6.01.016e-06 C = -1.21001e–05 

In FIG. 7, an optical element 10 has a plurality of curved 
reflecting Surfaces and is made from a glass or like trans 
parent body. The external Surface of the optical element 10 
is made, in order of passage of light from an object of, a 
convex refracting Surface R2 (entrance Surface) having a 
positive refractive power, Six reflecting Surfaces, namely, a 
concave mirror R3, a convex mirror R4, a concave mirror 
R5, a reflecting surface R6, a concave mirror R7 and a 
convex mirror R8, and a convex refracting surface R9 (exit 
Surface) having a positive refractive power. A stop R1 
(entrance pupil) is located on the object side of the optical 
element 10. A last image plane R10 is coincident with the 
image Sensing Surface of a CCD or like image pickup 
element. A reference axis of the photographic optical System 
is indicated by reference numeral 5. 

It is to be noted that the two refracting Surfaces each are 
rotationally Symmetrical or a sphere, and all the reflecting 
Surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function 
described below. A light beam 1 coming from the object 
passes through the Stop R1, by which the light intensity is 
regulated, then enters the optical element 10 at the entrance 
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Surface R2, is then reflected from the Surface R3, then once 
forms an image in the Space between the SurfaceS R3 and R4, 
is then reflected from the Surfaces R4, R5, R6, R7 and R8 in 
Succession, then exits from the exit Surface R9, and then 
forms an image again on the last image plane R10. 
Owing to Such refractive powers by the entrance and exit 

Surfaces and to Such refractive powers in the internal Space 
therebetween by the plurality of curved reflecting mirrors, 
the optical element 10 functions as a lens unit having a 
desired optical performance with the overall refractive 
power being positive. 
The lateral aberrations of the present embodiment are 

shown in FIG. 8. 

In the present embodiment, the direction of the reference 
axis entering the optical element 10 and the direction of the 
reference axis exiting therefrom are orthogonal to each 
other. Also, all the whole of the reference axis including 
entering and exiting lies in the paper of the drawing (YZ 
plane). 

With the use of Such construction and arrangement, it 
becomes possible to collect the Space the back focal distance 
of the optical System occupies and the width of the package 
and circuit of the CCD or like image pickup element to the 
Y direction. Therefore, a thinning of the size in the X 
direction and also a thinning of the size in the Z direction 
shown by D in FIG. 7 can be achieved. 
(Embodiment 4) 

FIG. 9 is a sectional view in the YZ plane of a fourth 
embodiment of the optical System according to the inven 
tion. The present embodiment is a photographic optical 
System of 63.4 degrees in the horizontal angle of view and 
49.6 degrees in the vertical angle of view. FIG. 9 even shows 
the optical path. The data of the design parameters of the 
present embodiment are shown below. 

Horizontal Half-Angle of View: 31.7 
Vertical Half-Angle of View: 24.8 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
Optical System Size: (XxYxZ)=8.4x24.5x12.3 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 2.06 1. Stop 
2 O.OO 2.06 O.OO 6.5O 151633 64.15 R 
3 O.OO 8.56 26.67 9.OO 151633 64.15 L 
4 -7.22 3.19 17.66 8.OO 151633 64.15 L 
5 -969 10.80 5.98 8.OO 151633 64.15 L 
6 -13.69 3.87 -2SO 7.OO 151633 64.15 L 
7 -17.70 9.60 -34.98 0.50 1 R 
8 -1883 11:21 -34.98 OOO 1 I.P. 

Spherical Shape 
R1oo 
R2-13.O16 
R7-4355 
R8oo 

Aspherical Shape 

R 3: a = -1.11462e--01 b = -1.16711e--01 
Co2 = 0. C20 = 0. 
C = -3.97235e–05 C = 4.30551e–04 
C = 4.26947e-05 C = 1.68530e-04 

t = 2.85172e+01 

C = 8.54092e-05 
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-continued 

R 4: a = 3.43416e--00 b = -2.32147e+00 t = 3.90060e--02 
Co2 = 0. C20 = 0. 
C = -2.26822e-03 C = 4.62823e-03 
C = 9.93668e-04 C = -8.22145e-04 C = 9.87903e-04 

RS: a = -1.89949e+01 b = -1.16993e--01 t = 2.64906e+01 
Co2 = 0. C20 = 0. 
C = 4.15152e-04 C = 2.65197e-04 
C = 1.20436e-05 C = -4.92467e-05 C = -2.64871e-05 

R 6: a = 2.61019e+01 b = 2.31498e-02 t = 2.24466e+00 
Co2 = 0. C20 = 0. 
C = 2.27686e–03 C = 2.95.018e-03 
C = -4.85715e-04 C = -9.91109e-04 C = -6.39821e–04 

In FIG. 9, an optical element 10 has a plurality of curved 
reflecting Surfaces and is made from glass or like transparent 
body. The external surface of the optical element 10 is made, 
in order of passage of light from an object of, a concave 
refracting Surface R2 (entrance Surface) having a negative 
refractive power, four reflecting Surfaces, namely, a concave 
mirror R3, a convex mirror R4, a concave mirror R5 and a 
reflecting Surface R6, and a convex refracting Surface R7 
(exit Surface) having a positive refractive power. A Stop R1 
(entrance pupil) is located on the object side of the optical 
element 10. A last image plane R8 is coincident with the 
image Sensing Surface of a CCD or like image pickup 
element. A reference axis of the photographic optical System 
is indicated by reference numeral 5. 

It is to be noted that the two refracting Surfaces each are 
rotationally Symmetrical or a sphere, and all the reflecting 
surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function 
described below. A light beam 1 coming from the object 
passes through the Stop R1, by which the light intensity is 
regulated, then enters the optical element 10 at the entrance 
Surface R2, is then reflected from the Surface R3, then once 
forms an image in the Space between the SurfaceS R3 and R4, 
is then reflected from the Surfaces R4, R5 and R6 in 
Succession, then exits from the exit Surface R7, and then 
forms an image again on the last image plane R8. 
Owing to Such refractive powers by the entrance and exit 

Surfaces and to Such refractive powers in the internal Space 
therebetween by the plurality of curved reflecting mirrors, 
the optical element 10 functions as a lens unit having a 
desired optical performance with the overall refractive 
power being positive. 

The lateral aberrations of the present embodiment are 
shown in FIG. 10. 

In the present embodiment, the reference axis entering the 
optical element 10 makes an angle of 45 with the reference 

X i 

O.OO 
O.OO 
O.OO 
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22 
axis exiting therefrom. This is an example of the exiting 
reference axis which does not become parallel with, or 
perpendicular to, the entering reference axis, because the 
reference axis is So folded as to minimize the angle of 
incidence on each reflecting Surface and as to avoid inter 
ference of the light rays at each Surface. 
Even in this case, to maintain a thinning of the Size in the 

X direction of the entire optical System to be achieved, the 
whole of the reference axis including entering and exiting 
lies in one and the same plane (YZ plane). 
(Embodiment 5) 

FIGS. 11A and 11B are a sectional view in the XY plane 
and a side elevation view of a fifth embodiment of the 
optical System according to the invention. FIG. 12 is a 
perspective view of the fifth embodiment, and shows the 
optical path, too. The present embodiment is a photographic 
optical System of 56.8 degrees in the horizontal angle of 
View and 44 degrees in the vertical angle of View. 
AS far as the present embodiment is concerned, there are 

two ways of tilting each Surface, one of which is in the XZ 
plane and the other in the XY plane. Accordingly, the local 
coordinate System should otherwise be defined. The angle to 
which the i-th surface is first tilted in the XZ plane is 
expressed by pi (in units of degree) with the clockwise 
direction as viewed from the plus direction of the Y axis 
being taken as positive, and then in the XY plane by pi (in 
units of degree) with the counterclockwise direction as 
Viewed from the plus direction of the Z axis being taken as 
positive. For the axes of the local coordinates (x,y,z) for the 
i-th Surface to define in relation to the absolute coordinate 
System (X,Y,Z), Suppose the local coordinate System is first 
moved until its original point coincides with a point (Xi,Yi, 
Zi), then turned in the XZ plane to the angle (pi and, at last, 
turned in the XY plane to the angle 0i, the following Settings 
are thus obtained: 

The original point: (Xi,Yi.Zi) 
Z: the direction obtained by turning in the XZ plane to the 

angle dpi with the axial direction of the first surface or 
Z direction and in the XY plane to the angle Oi; 

y: the direction making counterclockwise 90 with the z 
direction in the YZ plane; and 

X: the direction perpendicular to the YZ plane with the 
original point at the vertex of the reflecting Surface. 

The data of the design parameters of the present embodi 
ment are shown below. 

Horizontal Half-Angle of View: 28.4 
Vertical Half-Angle of View: 22.0 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
Optical System Size: (XxYxZ)=12.6x28.5x10.6 

Zi. 0. (pi D Nd wdi S 

O.OO O.OO O.OO 1.50 1. Stop 
1.50 O.OO O.OO 2.88 1.5831O 30.2O R 
4.38 O.OO 45.OO 8.12 1.5831O 30.2O L 
4.38 -22.51 90.OO 9.86 1.5831O 30.2O L 
4.38 -4.56 90.OO 9.30 1.5831O 30.2O L 
4.38 15.90 90.OO 9.50 1.5831O 30.2O L 
4.38 25.90 90.OO 1O.OO 1.5831O 30.2O L 
4.38 27.95 90.OO 8.02 1.5831O 30.2O L 
4.38 O.OO 90.OO O.O7 1.5831O 30.2O R 
4.38 O.OO 90.OO O.OO 1. I.P. 



Spherical Shape 

R2: 9.OOO 

R9:20.232 
R10:oo 

Aspherical Shape 
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R 4: a = 3.82478e-01 b = 7.66525e+00 = -3.37224e--O1 
C = 0. C = 0. 
C = 7.791.71e-04 C = 5.74381e–04 
C = -1.10731e-04 C = -3.68495e-04 C = -2.03734e–04 

R 5: a = 4.33OO6e--OO b = -1.13123e--01 = 4.85692e+01 
C = 0. C = 0. 
C = 1.37457e–03 C = 1.56506e-02 
C = -4.94422e-04 C = -3.75514e–04 C = 5.75694e–04 

R 6: a = 7.06881e--OO b = -2.86427e--O1 = 2.35496e+01 

C = 0. C = 0. 
C = 2.20424e–04 C = 1.908.03e-03 
C = -2.45384e–05 C = -2.20910e-05 C = 6.55653e-05 

R 7: a = ca. b = do = 0. 

Co2 = 0. C20 = 0. 
C = -1.25739-03 C2 = 2.00682e-03 
C = 6.21721e–05 C = -1.62119e-04 C = 2.82891e–05 

R 8: a = -4.42534e--01 b = 1.08452e--01 = 2.4866Oe--OO 
Co2 = 0. 
C = -5.93354e–04 
C = -2.52041e-05 

In FIGS. 11A and 11B, an optical element 10 has a 
plurality of curved reflecting Surfaces and is made from 
glass or like transparent body. The external Surface of the 
optical element 10 is made, as, in order of passage of light 
from an object of, a convex refracting Surface R2 (entrance 
Surface) having a positive refractive power, Six reflecting 
Surfaces, namely, a flat reflecting plane R3, a concave mirror 
R4, a convex mirror R5, a concave mirror R6, a reflecting 
Surface R7 and a concave mirror R8, and a convex refracting 
Surface R7 (exit Surface) having a positive refractive power. 
Astop R1 (entrance pupil) is located on the object Side of the 
optical element 10. A last image plane R8 is coincident with 
the image Sensing Surface of a CCD or like image pickup 
element. A reference axis of the photographic optical System 
is indicated by reference numeral 5. 

It is to be noted that the two refracting Surfaces each are 
rotationally Symmetrical or a sphere, and all the reflecting 
Surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function 
described below. A light beam 1 from the object comes in the 
Z (-) direction and passes through the stop R1 (entrance 
pupil), by which the light intensity is regulated, then enters 
the optical element 10 at the entrance surface R2 to receive 
convergence, is then reflected from the surface R3 to deflect 
in the Z(-) direction, then reflected from the reflecting 
Surface R4 to once form an image, is then reflected from the 
Surfaces R5, R6, R7 and R8 in Succession, then exits from 
the exit surface R7 in the X(+) direction, and then forms an 
image again on the last image plane R10. 

The object light rays form an intermediate image in the 
space between the surfaces R4 and R5, and the pupil light 
rays form an intermediate image in the Space between the 
Surfaces R6 and R7. 
Owing to Such refractive powers by the entrance and exit 

Surfaces and to Such refractive powers in the internal Space 
therebetween by the plurality of curved reflecting mirrors, 
the optical element 10 functions as a lens unit having a 
desired optical performance with the overall refractive 
power being positive. 
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The lateral aberrations of the present embodiment are 

shown in FIG. 13. 

In the case of the present embodiment, the entrance 
surface R2 of the optical element 10 is made to have a 
relatively strong positive refractive power, thereby condens 
ing the on-axial and off-axial light beams. The flat reflecting 
Surface R3 is thus prevented from increasing in the size. This 
achieves a further thinning of the whole optical System. 

In the present embodiment, the reference axis ray of the 
reflecting Surface R3 and those that follow is made to ZigZag 
in a plane (XY plane) perpendicular to the entering reference 
axis (Z axis). (80% or so of the length of the reference axis 
in the optical element 10 is laid in the XY plane.) 

In the preceding embodiments, all of the reference axes, 
including the entering reference axis, and the exiting refer 
ence axis are contained in a certain plane (YZ plane). From 
the point of View of the layout of the photographic optical 
System, it is desirable in Some cases that the entering 
reference axis is not in parallel with that plane. So, in the 
case of the present embodiment, the thinning is possible in 
the perpendicular direction (in this instance, the Z axis 
direction) to the plane in which the Zigzagged reference axis 
of the interior of the optical System is contained likewise as 
in the other embodiments. Because of this, a photographic 
optical System of reduced thickness in the Shooting direction 
can be formed. So, the degree of freedom for incorporating 
the optical System into the camera or the like is further 
increased. 

Though, in the present embodiment, the entering refer 
ence axis is arranged perpendicularly to the plane in which 
most of the reference axis of the interior of the optical 
element falls, the exiting reference axis may be made 
perpendicular instead. For this purpose, a flat reflecting 
Surface is arranged just in front of the exit Surface. In this 
case, not only the thinning is achieved in the perpendicular 
direction to the plane of most of the reference axis, but also 
a degree of freedom is born on the layout of the image 
pickup element. 

Further, it is also possible to arrange both of the entering 
and exiting reference axes perpendicularly to the plane in 
which most of the reference axis falls. While taking the free 
layout, a similar focusing operation to that in the conven 
tional lens System can be carried out, Since the entering and 
exiting optical axes are parallel to each other. 
(Embodiment 6) 

FIG. 14 is a sectional view in the YZ plane of a sixth 
embodiment of the optical System according to the inven 
tion. The present embodiment is a photographic optical 
System of 52.0 degrees in the horizontal angle of View and 
40.0 degrees in the vertical angle of view. FIG. 14 even 
shows the optical path. The foregoing embodiments all have 
employed a type of optical elements in which the refracting 
and reflecting Surfaces are formed on the external Surface of 
the transparent body. A plurality of reflecting Surfaces may 
otherwise be made up in the interior of a block of hollow 
core in the form of external Surface mirrors. The present 
embodiment employs this type of optical element as 
obtained by providing the hollow interior of a block with 
mirror Surfaces. The data of the design parameters of the 
present embodiment are as follows: 

Horizontal Half-Angle of View: 26.0 
Vertical Half-Angle of View: 20.0° 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
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Optical System Size: (XxYxZ)=11.4x32.5x14.2 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 1239 1. Stop 
2 O.OO 1239 24.93 12.60 1. L 
3 -9.63 4.27 4.87 10.80 1. L 
4 -16.59 12.53 -15.13 10.80 1. L 
5 -18.45 1.89 -32.08 8.68 1. L 
6 -26.79 4.28 -74.03 O.OO 1. I.P. 

Spherical Shape 
R1:oo 
R6:oo 

Aspherical Shape 

R 2: a = -1.27078e-01 b = -1.61563e--01 t = 3.43678e-01 
Co2 = 0. C20 = 0. 
C = -9.19140e-05 C = 1.68009e-04 
C = 1.32075e-05 C = 4.77170e–05 C = 9.64328e-05 

R3: a = -8.00318e-00 b = 1.94833e--01 t = -6.57313e--O1 
Co2 = 0. C20 = 0. 
C = -9.87875e-04 C = 2.02373e-03 
C = 1.55491e–04 C = 7.57581e–05 C = 3.56041e–03 

R 4: a = -1.28O16e--01 b = -1.17328e-02 t = -4.11271e--01 
Co2 = 0. C20 = 0. 
C = 6.04887e-04 C = -3.51858e-04 
C = 1.69212e-04 C = 2.77107e-05 C = -2.25094e–05 

R 5: a = 1.26067e+01 b = 2.82424e--O2 t = 4.14909e-O1 
Co2 = 0. 
C = 3.02802e-05 
C = 2.96306e-05 

C20 = 0. 
C = 2.82991e-04 
C = -6.80814e–05 C = -1.08283e-04 

In FIG. 14, a block 60 of hollow core (optical element) 
has a plurality of curved reflecting Surfaces formed in the 
interior thereof. The internal surface of the optical element 
60 is made, in order of passage of light from an object of, 
four reflecting Surfaces, namely, a concave mirror R2, 
reflecting surfaces R3 and R4 and a concave mirror R5. A 
Stop R1 (entrance pupil) is located on the object Side of the 
optical element 60. A last image plane R6 is coincident with 
the image Sensing Surface of a CCD or like image pickup 
element. A reference axis of the photographic optical System 
is indicated by reference numeral 5. The whole of the 
reference axis lies in the paper of the drawing YZ plane). 

It is to be noted that all the reflecting Surfaces are 
Symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function 
described below. A light beam 1 coming from the object 
passes through the Stop R1 (entrance pupil), by which the 
light intensity is regulated, then enters the optical element 
60, is then reflected from the Surface R2, then once forms an 
image in the neighborhood of the Surface R3, is then 
reflected from the Surfaces R3, R4 and R5 in Succession, 
then exits from the optical element 60 and then forms an 
image again on the last image plane R6. 

The object light rays form an intermediate image in the 
Space between the Surfaces R2 and R3, and re-form an image 
in contracted Scale on the last image plane R6. The pupil 
light rays form an intermediate image in the neighborhood 
of the Surface R3. 
Owing to such refractive powers in its interior by the 

plurality of curvature-imparted reflecting mirrors, the optical 
element 60 functions as a lens unit having a desired optical 
performance with the Overall refractive power being posi 
tive. 

The lateral aberrations of the present embodiment are 
shown in FIG. 15. 
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In the present embodiment, use is made of only the 

Surface reflecting mirrors and, because of the absence of 
refracting Surfaces, there is a merit that no chromatic aber 
rations are produced. In the case of using the Surface 
reflecting mirrors as in the present embodiment, for the 
purpose of avoiding production of errors of the relative 
positions of the Surfaces to one another, it is preferred to 
form all the reflecting Surface in unison. 
(Embodiment 7) 

FIG. 16 is a sectional view in the YZ plane of a seventh 
embodiment of the optical System according to the inven 
tion. The present embodiment is a photographic optical 
System of 52.0 degrees in the horizontal angle of View and 
40.0 degrees in the vertical angle of view. FIG. 16 even 
shows the optical path. This embodiment is an example of 
construction of an optical System by a block of hollow core 
having formed therein a plurality of external Surface reflect 
ing mirrors and two refracting lenses. 
The data of the design parameters of the present embodi 

ment are as follows: 

Horizontal Half-Angle of View: 26.0 
Vertical Half-Angle of View: 20.0° 
Aperture Diameter: 2.5 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
Optical System Size: (XxYxZ)=11.2x40.9x17.5 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 3.39 1 Stop 
2 O.OO 3.39 O.OO 2.21 1.755OO 52.32 R 
3 O.OO 5.60 O.OO 8.75 1 R 
4 O.OO 14.35 23.67 13.12 1 L 
5 -9.65 5.46 5.35 11.88 1. L 
6 -16.74 14.98 -12.65 12.00 1 L 
7 -1910 3.22 -18.65 8.75 1 L 
8 -25.67 9.00 -48.65 3.96 1.75SOO 52.32 R 
9 -28.65 11.62 -48.65 6.80 1 R 
1O -33.75 16.10 -48.65 O.OO 1 I.P. 

Spherical Shape 
R1:oo 
R2-4.933 
R3-5.275 
R8: 10.191 
R9:48.967 
R1O:oo 

Aspherical Shape 

R 4: a = -2.16731e--01 b = -1.68559e+01 t = 2.45932e--01 
Co2 = 0. C20 = 0. 
C = -6.14092e-05 C = 8.03325e-05 
C = -3.45169e–06 C = 3.74779e-05 C = -9.72565e-06 

R 5: a = -4.964.05e+00 b = 8.31430e--00 t = -4.21818e-01 
Co2 = 0. C20 = 0. 
C = -2.11160e-04 C = 6.81127e-04 
C = 4.71978e-06 C = 1.98254e–04 C = -5.40751e-04 

R 6: a = -1.27294e–-01 b = 2.11554e--O2 t = -2.40317e+01 
Co2 = 0. C20 = 0. 
C = 6.89343e-05 C = 5.46114e–05 
C = -5.72350e–06 C = -1.46912e-05 C = -2.50225e-05 

R 7: a = 3.73721e--00 b = -3.91247e+00 t = -2.95187e+01 
Co2 = 0. 
C = 4.49626e-04 

C20 = 0. 
C = 5.03152e-04 

C = -7.69860e–05 C = -7.23646e-05 C = -4.95296e-05 

In FIG. 16, a block 60 of hollow core (optical element) 
has a plurality of curved reflecting Surfaces formed in the 
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interior thereof. Two positive lenses 71 and 72 (refracting 
optical Systems) are located at the entrance and exit of the 
optical element 60, respectively. The internal Surface of the 
optical element 60 is made, in order of passage of light from 
an object of, four reflecting Surfaces, namely, a concave 
mirror R4, a convex mirror R5, a concave mirror R6 and a 
reflecting Surface R7. A stop R1 (entrance pupil) is located 
on the object Side of the positive lens 71. A last image plane 
R10 is coincident with the image sensing surface of a CCD 
or like image pickup element. A reference axis of the 
photographic optical System is indicated by reference 
numeral 5. The whole of the reference axis lies in the paper 
of the drawing (YZ plane). 

It is to be noted that the optical element 60 and the 
positive lenses 71 and 72 constitute part of an optical System 
70. 

This embodiment has an image forming function 
described below. A light beam 1 coming from the object 
passes through the Stop R1 (entrance pupil), by which the 
light intensity is regulated, then refracts in crossing the 
refracting surfaces R2 and R3 of the positive lens 71 to 
converge, then enters the optical element 60, is then reflected 
from the Surface R4, then once forms an image in the 
neighborhood of the reflecting surface R5, is then reflected 
from the Surfaces R5, R6 and R7 in Succession, then exits 
from the optical element 60, then enters the positive lens 72, 
then refracts in crossing the refracting surfaces R8 and R9 
and then forms an image again on the last image plane R10. 
The object light rays form an intermediate image in the 
Space between the SurfaceS R4 and R5, and re-form an image 
in contracted Scale on the last image plane R10. The pupil 
light rays form an intermediate image in the Space between 
the Surfaces R6 and R7. 
Owing to such refractive powers in the interior of the 

optical element 60 by the plurality of curved reflecting 
mirrors, and to Such refractive powers by the two positive 
lenses 71 and 72, the optical system 70 functions as a lens 
unit having a desired optical performance with the overall 
refractive power being positive. 

The lateral aberrations of the present embodiment are 
shown in FIG. 17. 

In the present embodiment, the entrance and exit of the 
optical element 60 using the hollow core mirror Surfaces are 
provided with respective refracting Systems to thereby 
Supplement the insufficiency of the refractive power arising 
from the fact that the reflection in air contributes to a small 
refractive index (=1.0). 

Also, if the Surface reflecting mirror is used, dust or 
foreign particles accumulate on it. When shooting, they cast 
Shadow on the image plane. In the present embodiment, 
however, the two positive lenses 71 and 72 are formed in 
unison with the optical element 60 to thereby prevent dust or 
foreign particles from invading. 

Also, in the present embodiment, the positive lens at the 
entrance of the optical System functions to converge the 
incoming light rays to avoid an unduly large increase of the 
first reflecting surface R4 of the optical element 60. At the 
exit, too, of the optical System, there is arranged the positive 
lens 72 to Supplement a refractive power. 
(Embodiment 8) 

FIG. 18 is a sectional view in the YZ plane of an eighth 
embodiment of the optical System according to the inven 
tion. The present embodiment is a photographic optical 
System of 52.6 degrees in the horizontal angle of View and 
40.6 degrees in the vertical angle of view. FIG. 16 even 
shows the optical path. 
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The data of the design parameters of the present embodi 

ment are as follows: 

Horizontal Half-Angle of View: 26.3° 
Vertical Half-Angle of View: 20.3 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
Optical System Size: (XxYxZ)=10.2x29.5x21.5 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 4.OO 1 Stop 
2 O.OO 4.00 O.OO 6.OO 151633 64.15 R 
3 O.OO 10.00 25.OO 1O.OO 151633 64.15 L 
4 -7.66 3.57 1O.OO 1O.OO 151633 64.15 L 
5 -12.66 12.23 1O.OO 1O.OO 151633 64.15 L 
6 -2032 5.8O 25.OO 7.OO 151633 64.15 L 
7 -2032 12.8O O.OO 8.73 1 R 
8 -20.32 21.54 O.OO O.OO 1 I.P. 

Spherical Shape 
R1:oo 
R2:4887 
R7: 5O.OOO 
R8:oo 

Aspherical Shape 

R3: a = -1.25474e--01 b = -1.33487e+01 t = 2.51430e--01 
Co2 = 0. C20 = 0. 
C = -2.62139e-04 C = 4.52298e-04 
C = -8.34221e–06 C = 4.34287e-05 C = 6.55966e-06 

R 4: a = -1.997O2e+00 b = 2.11270e--00 t = -6.34728e-01 
Co2 = 0. C20 = 0. 
C = -1.47470e–03 C2 = 4.94307e-03 
C = 1.81131e-04 C = -1.92667e-04 C = 1.31369e-04 

R 5: a = 9.6O134e--00 b = -9.43206e+00 t = -1.72001e--00 
Co2 = 0. C20 = 0. 
C = 1.56729e-03 C2 = 6.80826e-04 
C = 1.88025e-04 C = -1.68825e-04 C = 2.53692e-04 

R 6: a = 1.23961e--01 b = 4.86671e--01 t = -2.51796e+01 

In FIG. 18, an optical element 10 has two refracting 
Surfaces and a plurality of curved reflecting Surfaces and is 
made from glass or like transparent body. The external 
Surface of the optical element 10 is made, in order of passage 
of light from an object of, a concave refracting Surface R2 
(entrance Surface) having a negative refractive power, four 
reflecting Surfaces, namely, a concave mirror R3, a reflecting 
surface R4, a reflecting surface R5 and a concave mirror R6, 
and a concave refracting Surface R7 (exit Surface) having a 
negative refractive power. A stop R1 (entrance pupil) is 
located on the object side of the optical element 10. A last 
image plane R8 is coincident with the image Sensing Surface 
of a CCD or like image pickup element. A reference axis of 
the photographic optical System is indicated by reference 
numeral 5. The whole of the reference axis lies in the paper 
of the drawing (YZ plane). 

It is to be noted that the two refracting Surfaces each are 
rotationally Symmetrical or a sphere, and all the reflecting 
Surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function 
described below. A light beam 1 from the object comes in the 
Z (-) direction and passes through the stop R1 (entrance 
pupil), by which the light intensity is regulated, then enters 
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the optical element 10 at the entrance surface R2 to receive 
divergence, is then reflected from the Surface R3 to once 
form an image, is then reflected from the surfaces R4, R5 
and R6 in Succession, then exits from the exit Surface R7, 
and then forms an image again on the last image plane R8. 
The object light rays form an intermediate image in the 

neighborhood of the Surface R4, and the pupil light rays 
form an intermediate image in the neighborhood of the 
Surface R5. 
Owing to Such refractive powers by the entrance and exit 

Surfaces and to Such refractive powers in the internal Space 
therebetween by the plurality of curved reflecting mirrors, 
the optical element 10 functions as a lens unit having a 
desired optical performance with the overall refractive 
power being positive. 

The lateral aberrations of the present embodiment are 
shown in FIG. 19. 

In the present embodiment, the entrance Surface R2 is 
formed to a concave refracting Surface of Sphere, So that, 
concerning the off-axial principal ray, it is made concentric 
toward the object side to thereby reduce the produced 
amount of off-axial aberrations. The exit Surface R7, too, is 
formed to a concave refracting Surface of Sphere So that, 
concerning the on-axial rays, it is made concentric toward 
the image Side to thereby Suppress the Spherical aberration 
and the longitudinal chromatic aberration. 
(Embodiment 9) 

FIG. 20 is a sectional view in the YZ plane of a ninth 
embodiment of the optical System according to the inven 
tion. The present embodiment is a photographic optical 
System of 63.4 degrees in the horizontal angle of View and 
49.6 degrees in the vertical angle of view. FIG. 20 also 
shows the optical path. The data of the design parameters of 
the present embodiment are as follows: 

Horizontal Half-Angle of View: 31.7 
Vertical Half-Angle of View: 24.8 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
Optical System Size: (XxYxZ)=8.8x28.5x15.6 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 1.5O 1 Stop 
2 O.OO 1.50 O.OO 11.OO 15831O 30.2O R 
3 O.OO 12.50 22.51 9.86 15831O 30.2O L 
4 -697 5.53 4.56 9.3O 15831O 30.2O L 
5 -12.43 13.07 -15.90 9.5O 15831O 30.2O L 
6 -13.11 3.59 -25.90 10.OO 15831O 30.2O L 
7 -21.39 9.2O -27.95 8.02 15831O 30.2O L 
8 -21.39 1.18 O.OO 3.02 1 R 
9 -21.39 -1.84 O.OO O.OO 1 I.P. 

Spherical Shape 
R1:oo 
R2: 9.OOO 
R8: 11420 
R9:OO 

Aspherical Shape 

R3: a = -1.42089e+01 b = -1.27971e--O1 
Co2 = 0. C20 = 0. 
C = -1.21650e-04 C = 1.77751e-04 
C = 1.02473e-04 C = 0.00000e--00 C = 1.17019e-04 
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-continued 

R 4: a = -2.73896e+00 b = 5.70605e+00 t = -4.72249e+01 
Co2 = 0. C20 = 0. 
C = -5.27069e-03 C = -1.70267e-02 
C = 1.01639e-03 C2 = 3.49290e-03 C = -2.36127e-03 

RS: a = -7.00149e+00 b = 2.25899e+01 t = -2.54205e+01 
Co2 = 0. C20 = 0. 
C = -5.00133e-04 C = -1.36126e-03 
C = 9.37676e–06 C = 5.68911e–05 C = -7.68163e-05 

R 6: a = Ca b = do t = 0. 

Co2 = 0. C20 = 0. 
C = 2.96631e–04 C = -9.13393e-04 
C = -3.54650e-05 C = 1.83483e-04 C = -8.42594e–05 

R 7: a = 3.21010e--01 b = -1.20905e--01 t = 5.43506e+00 
Co2 = 0. 
C = -4.10032e-04 
C = 5.26092e–05 

C20 = 0. 
C = -1.36310e-03 
C = 3.62455e-04 C = 3.18477e-05 

In FIG. 20, an optical element 10 has a plurality of curved 
reflecting Surfaces and is made from glass or like transparent 
body. The external Surface of the optical element 10 is made, 
in order of passage of light from an object of, a convex 
refracting Surface R2 (entrance Surface) having a positive 
refractive power, five reflecting Surfaces, namely, a concave 
mirror R3, a convex mirror R4, a concave mirror R5, a 
reflecting Surface R6 and a concave mirror R7, and a convex 
refracting Surface R8 (exit Surface) having a positive refrac 
tive power. A stop R1 is located on the object side of the 
optical element 10. A last image plane R9 is coincident with 
the image Sensing Surface of a CCD or like image pickup 
element. A reference axis of the photographic optical System 
is indicated by reference numeral 5. 

It is to be noted that the two refracting Surfaces each are 
rotationally symmetrical or a sphere, and all the reflecting 
Surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function 
described below. A light beam 1 coming from the object 
passes through the Stop R1 (entrance pupil), by which the 
light intensity is regulated, then enters the optical element 10 
at the entrance Surface R2, is then reflected from the Surface 
R3, then once forms an image, is then reflected from the 
Surfaces R4, R5, R6 and R7 in Succession, then exits from 
the exit Surface R8, and then forms an image again on the 
last image plane R9. The object light rays form an interme 
diate image in the Space between the SurfaceS R3 and R4, 
and the pupil light rays form an intermediate image in the 
neighborhood of the surface R6. 
The lateral aberrations of the optical System of the present 

embodiment are shown in FIG. 21. 
In the present embodiment, the direction of the reference 

axis entering the optical element 10 and the direction of the 
reference axis exiting therefrom are parallel to each other 
and are opposite to each other. Also, the whole of the 
reference axis including entering and exiting lies in the 
paper of the drawing (YZ plane). 
Owing to Such refractive powers by the entrance and exit 

Surfaces and to Such refractive powers in the internal Space 
therebetween by the plurality of curved reflecting mirrors, 
the optical element 10 functions as a lens unit having a 
desired optical performance with the overall refractive 
power being positive. 

In the present embodiment, focusing to a close object is 
performed by moving the whole optical System relative to 
the image Sensing Surface R9 of the image pickup element. 
Particularly in the present embodiment, because the direc 
tion of the reference axis entering the optical element 10 and 
the direction of the reference axis exiting from the optical 
element 10 are parallel to each other, the whole optical 
System can be moved in parallel to the direction of the 
exiting reference axis (Z axis direction), So that the focusing 
operation is carried out likewise as in the conventional lens 
System. 



US 6,785,060 B2 
31 

In the present embodiment, the entrance Surface R2 is 
made to be a convex refracting Surface of Sphere, thereby 
converging the off-axial principal ray. With this, when 
increasing the angle of field, the size of the first reflecting 
Surface R3 is prevented from becoming big. The exit Surface 
R8, too, is made to be a convex refracting Surface of Sphere, 
thereby preventing the back focal distance from increasing 
too much. At the same time, the off-axial rays are controlled 
So that the off-axial principal ray becomes telecentric to the 
image Side. 
(Embodiment 10) 

FIG. 22 is a sectional view in the YZ plane of a tenth 
embodiment of the optical System according to the inven 
tion. The present embodiment is a photographic optical 
System of 63.4 degrees in the horizontal angle of View and 
49.6 degrees in the vertical angle of view. In FIG. 22, the 
optical path is also shown. The data of the design parameters 
of the present embodiment are as follows: 

Horizontal Half-Angle of View: 31.7 
Vertical Half-Angle of View: 24.8 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mmxVertical 3 mm 
Optical System Size: (XxYxZ)=11.6x31.7x18.4 

i Yi Zi. 0. D Nd wdi Surface 

1. O.OO O.OO O.OO 1.51 1 Stop 
2 O.OO 1.51 O.OO 11.OO 15831O 30.2O R 
3 O.OO 12.51 25.OO 9.86 1.5831O 30.2O L 
4 -7.55 6.17 9.54 10.OO 15831O 30.2O L 
5 - 12.69 14.75 -8.92 10.OO 15831O 30.2O L 
6 -14.95 5.01 -16.92 11.00 158310 30.20 L 
7 - 22.99 12.52 -23.46 9.63 15831O 30.2O L 
8 - 22.99 2.90 O.OO 6.12 1 R 
9 -22.99 -3.22 O.OO O.OO 1 I.P. 

Spherical Shape 
R1:oo 
R2: 1.O.OOO 
R8:-22.319 
R9:OO 

Aspherical Shape 

R3: a = -1.62082e+01 b = -1.49848e-01 t = 2.55369e+01 
Co2 = 0. C20 = 0. 
C = 4.68179e-04 C = -2.57239e-04 
C = 1.15267e-04 C = 9.16989e-05 C = -6.20857e-05 

R 4: a = -6.O44O16--OO b = 9.16117e--OO = -4837OOe--O1 

Co2 = 0. C20 = 0. 
C = 2.51981e-04 C = -2.34078e-03 
C = 2.21931e-04 C = -4.14266e-05 C = -2.26683e-03 

R 5: a = -1.88694e–-01 b = 2.70209e+01 = -7.32613e--O1 
Co2 = 0. C20 = 0. 
C = 1.41397e-03 C = -3.28610e-03 
C = 1.24323e-04 C = 2.04931e-04 C = -5.89334e–05 

R 6: a = ca. b = do = 0. 

Co2 = 0. C20 = 0. 
C = 1.84391e-04 C = -3.75729e-03 
C = -3.27025e-05 C = -9.89759e-05 C = -1.4.0884e–04 

R 7: a = 1.73176e+01 b = -7.42208e-00 t = -2.00865e+00 
Co2 = 0. C20 = 0. 
C = 1.40461e-04 C = -1.06651e-03 
C = -4.75156e-05 C = -4.70293e-05 C = -4.21348e-05 

In FIG.22, an optical element 10 has a plurality of curved 
reflecting Surfaces and is made from glass or like transparent 
body. The external surface of the optical element 10 is made, 
in order of passage of light from an object of, a convex 
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refracting Surface R2 (entrance Surface) having a positive 
refractive power, five reflecting Surfaces, namely, a concave 
mirror R3, reflecting surfaces R4, R5 and R6 and a concave 
mirror R7, and a concave refracting surface R8 (exit surface) 
having a negative refractive power. A Stop R1 is located on 
the object Side of the optical element 10. A last image plane 
R9 is coincident with the image sensing surface of a CCD or 
like image pickup element. A reference axis of the photo 
graphic optical System is indicated by reference numeral 5. 

It is to be noted that the two refracting Surfaces each are 
rotationally Symmetrical or a sphere, and all the reflecting 
Surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function 
described below. A light beam 1 coming from the object 
passes through the Stop R1 (entrance pupil), by which the 
light intensity is regulated, then enters the optical element 10 
at the entrance Surface R2, is then reflected from the Surface 
R3, then once forms an image, is then reflected from the 
Surfaces R4, R5, R6 and R7 in Succession, then exits from 
the exit Surface R8, and then forms an image again on the 
last image plane R9. The object light rays form an interme 
diate image in the Space between the SurfaceS R3 and R4, 
and the pupil light rays form an intermediate image in the 
space between the Surfaces R5 and R6. 
The lateral aberrations of the optical System of the present 

embodiment are shown in FIG. 23. 
In the present embodiment, the direction of the reference 

axis entering the optical element 10 and the direction of the 
reference axis exiting therefrom are parallel to each other 
and are opposite to each other. Also, the whole of the 
reference axis including entering and exiting lies in the 
paper of the drawing (YZ plane). 
Owing to Such refractive powers by the entrance and exit 

Surfaces and to Such refractive powers in the internal Space 
therebetween by the plurality of curved reflecting mirrors, 
the optical element 10 functions as a lens unit having a 
desired optical performance with the overall refractive 
power being positive. 

In the present embodiment, focusing to shorter object 
distances is performed by moving the whole optical System 
relative to the image Sensing Surface R9 of the image pickup 
element. Particularly in the present embodiment, because the 
direction of the reference axis entering the optical element 
10 and the direction of the reference axis exiting from the 
optical element 10 are parallel to each other, the whole 
optical System can be moved in parallel to the direction of 
the exiting reference axis (Z axis direction), So that the 
focusing operation is carried out likewise as in the conven 
tional lens System. 

In the present embodiment, the entrance Surface R2 is 
made to be a convex refracting Surface of a sphere, thereby 
converging the off-axial principal ray. With this, when 
increasing the angle of field, the effective diameter of the 
first reflecting Surface R3 is prevented from increasing in 
size. Also, the exit Surface R8 is made to be a concave 
refracting Surface of Sphere. With this arrangement, for the 
on-axial rays, a long back focal distance is Secured, and, for 
the off-axial rays, it becomes telecentric to the image Side. 

It will be appreciated from each of the foregoing embodi 
ments that the optical element essential to the invention has 
a constructional feature of having at least three curved 
reflecting Surfaces. In the prior art, it has been the common 
practice to employ two curved reflecting Surfaces as decen 
tered. In this case, the on-axial light beam could be corrected 
for aberrations, but it is very difficult to correct the off-axial 
light beam. In the present invention, on the other hand, use 
is made of at least three reflecting Surfaces imparted with 
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Such curvature and So decentered that they get refractive 
powers. The aberrations are well corrected over the entire 
area of the two-dimensional image plane. 

Also, in the embodiments 1 to 5 and 8 to 10 using the 
optical element provided, on the external Surface of the 
transparent body, the light entrance and exit Surfaces and the 
curved reflecting surfaces of internal reflection, 70% or more 
of the length of the reference axis in the interior of the 
optical element is found present in one and the same plane. 
More Specifically Speaking, in the embodiments 1 to 4 and 
8 to 10, the whole of the reference axis is contained in one 
and the same plane. By virtue of this, the optical System of 
reflecting type of the invention can be formed to the thinnest 
shape in the direction perpendicular to that plane. Also, the 
embodiment 5 is an example of making the object light beam 
enter from the direction perpendicular to the plane contain 
ing most of the reference axis. Even in this case, at least 70% 
of the reference axis lies in one plane. Therefore, for the 
direction perpendicular to that plane, the optical System can 
be formed to be very thin. It is to be noted that, for the 
favorable results, it is preferable that 80% or more of the 
reference axis lies in one plane. 

The values of the factors in the conditions (1) to (4) of the 
first curved reflecting Surface, when counted from the object 
side, for the embodiments are listed below. 

Inequality of Condition 

(1) (2) (3) (4) 
Embodiment ab t/10 a/d b/d 

No. >O 0.9& <1.5 O.9& 2.0 O.9& 2.0 

1. 2O3.37 1.04 1.56 1.21 
2 137.57 1.16 1.18 1.35 
4 130.09 1.07 1.30 1.36 
6 205.31 1.38 1.03 1.30 
7 365.32 1.04 1.51 1.17 
8 167.49 1.01 1.25 1.33 
9 181.83 1.04 1.14 1.02 
1O 24288 1.02 1.30 1.20 

It is to be noted that, though the foregoing embodiments 
have been described all in connection with the Stop located 
at a position nearest to the object Side of the optical System, 
because, in the embodiments of the invention, a real image 
of the pupil is formed within the optical System, as the case 
may be, the optical element is divided into two parts with the 
boundary at the position of that image and the Stop is put in 
the Space therebetween. If So, the entrance pupil is formed 
at a position nearest to the object Side of the optical System 
likewise as in the foregoing embodiments. Thus, an equiva 
lent optical System is obtained with Similar advantages. In 
this case, it is recommended that the entrance pupil takes its 
place on the object Side of the first curved reflecting Surface, 
when counted from the object side, of the one of the optical 
elements which receives at first the light beam from the 
object. With this, the same improved results as those of the 
foregoing embodiments are effected. 

The present invention has set forth the design rules as 
described above So that many advantages are produced. Of 
these, the remarkable ones are as follows. 

With the use of the optical elements each having a 
plurality of reflecting Surfaces of curved and flat shapes 
formed in unison, the compact form of the entirety of the 
mirror optical System is improved, while Still permitting the 
position and angle tolerances (assembling tolerances) for the 
reflecting mirrors to be made looser than was heretofore 
usually necessary to the mirror optical Systems. Hence, it is 
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possible to achieve a highly accurate optical System of 
reflecting type and an image pickup apparatus using the 
SC. 

With the use of a configuration that the stop is located at 
a position nearest to the object Side of the optical System, and 
the object and pupil images are formed at least once in the 
interior of the optical element, despite the wide angle of field 
from the point of view of the reflecting type of optical 
System, the effective diameter of the optical System is 
Shortened. In addition, of the reflecting Surfaces constituting 
the optical element, Some are given appropriate refractive 
powers and the reflecting Surfaces constituting every optical 
System are arranged in appropriate decentering relation to 
obtain a desired ZigZagging optical path within the optical 
System. Hence, it is possible to achieve an optical System of 
reflecting type whose total length in a certain direction is 
Shorter than was heretofore possible and an image pickup 
apparatus using the same. 

Besides these, according to the invention, the following 
advantages are produced. 

In the case of the embodiments either when the stop is 
ahead of the optical element, or when the entrance pupil lies 
on the object Side of the first reflecting Surface, when 
counted from the object Side of the optical element, particu 
larly the impartment of the converging function to the first 
reflecting Surface of the optical element contributes to a 
reduction of the size of the optical System, Since the pupil ray 
(principal ray) forms the intermediate image in the Stage 
near to the entrance Surface, So that a further thinning of the 
optical System is assured. After having exited from the Stop 
R1 and before diverging largely, the off-axial principal ray 
is made to converge. With this, when increasing the angle of 
View of the optical System, the increase of the effective 
diameters of the first reflecting surface and those that follow 
is Suppressed. 

In a case where the first reflection Surface is an ellipsoid 
of revolution with a focus at an apparent Stop center as 
viewed from that reflection Surface (entrance pupil to that 
reflecting Surface) and another focus at a point on the 
Zigzagging reference axis of the interior of the optical 
System, the off-axial principal ray is possible to form an 
intermediate image point with almost no aberrations. By 
this, thinning of the optical element can be achieved and, at 
the same time, the off-axial aberrations are Suppressed from 
increasing in the initial Stage. 

In the embodiments of the invention, if the entrance and 
exit Surfaces of the optical System are imparted with refrac 
tive powers, distinct effects are produced. For example, with 
the entrance Surface, when in a concentric concave form to 
the off-axial principal ray, all off-axial aberrations can be 
reduced. Also, with the exit Surface, when in a convex form, 
the back focal distance is prevented from becoming too long. 
Meanwhile, if the entrance Surface is made convex, because 
the off-axial rays converge by this Surface, the first reflecting 
Surface can be prevented from increasing in its size largely. 

Also, the shape of the exit Surface may otherwise be 
determined so that the off-axial principal ray (pupil ray) to 
this Surface refracts to an angle depending on its angle of 
incidence, thereby effecting almost perfect parallelism on 
the exit side (the image Side), that is, telecentricity. In 
application of this to the image pickup element Such as 
CCD, where a gap exists between the color filter of the CCD 
and the light Sensing Surface, the ability to Separate colorS is 
advantageously prevented from varying with variation of the 
angle of incidence on the image pickup element, because, if 
the optical System is made telecentric to the image Side, the 
principal rays of the on-axial and off-axial light beams both 
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become almost parallel to the optical axis So that the angle 
of incidence on the CCD becomes almost constant over the 
entire area of the light Sensing Surface thereof. 

Further, in the embodiments, whilst almost every reflect 
ing Surfaces has only one plane of Symmetry, the entrance 
and exit Surfaces are of rotationally Symmetric form with 
respect to the reference axis. By virtue of this, the reference 
axis can be accurately measured and tested when manufac 
turing the optical Systems. Also, by making the refracting 
Surface to be rotationally Symmetric, the amount of pro 
duced asymmetric chromatic aberrations can be reduced. 

In the conventional optical system shown in FIG. 28, the 
reflecting Surfaces at the entrance and exit Sides have refrac 
tive powers, but the reflections therebetween merely guide 
the light beam, that is, play the only role of the So-called 
light guide. In the embodiments of the invention, on the 
other hand, at least three refractive power-imparted reflect 
ing Surfaces are formed in a unit, thereby producing the 
combined function of folding the optical axis and of cor 
recting aberrations for the two-dimensional image plane. 
Thus, a photographic optical System of compact form and 
large flexibility of the contour with good performance can be 
obtained. 

In the embodiments of the invention, the object light rays 
and the pupil light rays each form an intermediate image. 
The intermediate images of the object and pupil take their 
place nearer to the entrance Surface than with the conven 
tional photographic optical System, thereby Suppressing the 
Size of each Surface on the image Side of the Stop. Thus, the 
invention has Succeeded in minimizing the Size of the 
croSS-Section of the optical System. 

Further, in the embodiments of the invention, the refer 
ence axis that is Zigzagging in the interior of the optical 
System is contained in one and the Same plane, that is, in the 
YZ plane. By combining this with the formation of the 
intermediate images with the object light rays and pupil light 
rays within the element, the size in the direction (X 
direction) perpendicular to the YZ plane is minimized. 

The reflecting Surfaces constituting the optical element 
each have its normal line at the point of interSection of the 
entering and exiting reference axis to be out of coincidence 
with the direction of the reference axis, or are the So-called 
decentered reflecting Surface. This is for the purpose of 
preventing the Vignetting effect from being produced as in 
the conventional mirror optical System. At the same time, by 
this, a free layout can be adopted. So, an optical element of 
good Space efficiency, compact form and free shape can be 
made up. 

Further, the shape of each reflecting Surface has different 
radii of curvature in the two planes (yZ plane and XZ plane) 
orthogonal to each other. This is for the purpose of Sup 
pressing the decenterihgaberrations produced by the decen 
tering arrangement of each reflecting Surface. Further, this 
reflecting Surface is made asymmetric, thereby achieving 
good correction of all aberrations for a desired optical 
performance. 

In the invention, as the interior of the optical element is 
filled with a transparent material Such as glass, the molding 
techniques can be employed to thereby improve the produc 
tivity and reduce the production cost. Meanwhile, if the 
optical element is formed to a hollow core block, and the 
external mirrors are formed in the Surfaces of the hollow 
core, it becomes possible to achieve reduction of the weight 
of the optical System and also to reduce chromatic aberra 
tions. 

In the invention, the Stop is arranged just in front of the 
entrance Surface of the optical element, or the entrance pupil 
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is on the object Side of the first reflecting Surface, when 
counted from the object Side, of the optical element. In the 
case of the conventional optical System, the Stop is often 
located in the interior of the optical System. Moreover, in 
most cases, the entrance pupil is at a far position from the 
entrance Surface. Therefore, a problem arises in that the 
farther the Separation from the Stop to the entrance Surface 
at the most front as viewed from the Stop, the higher the rate 
at which the ray effective diameter of the entrance Surface 
increases with increase of the angle of view. In the embodi 
ments of the invention, by arranging the Stop or the entrance 
pupil on the object Side of the optical element (on the light 
beam entering side of the optical System), the increase of the 
Size of the photographic optical System resulting from the 
increase of the angle of view of the optical System is 
Suppressed to a minimum. 

In a case where the directions of the entering reference 
axis and the exiting reference axis are made parallel to each 
other, focusing can be performed in a similar manner to that 
of the conventional lens System by moving the whole optical 
System in parallel to the entering or exiting reference axis. 
Moreover, the target area is not caused to change by Such 
focusing. 
AS the feature of the reflecting type optical System, the 

Surfaces can be arranged in various ways. So, there is a wide 
variety of choices in the combination of the directions of the 
entering reference axis and the exiting reference axis. 

In more detail, according to the invention, a wide variety 
of forms of optical elements can be obtained with the 
orientation of the entering reference axis different from that 
of the exiting reference axis. By virture of a high degree of 
freedom for the layout, therefore, it becomes possible to 
adopt the most Suitable form of the photographic optical 
System for the camera or the like apparatus. 
What is claimed is: 
1. An optical System forming an image of an object, 

comprising: 
at least three curved reflecting Surfaces, at least one 

curved reflecting Surface of Said at least three curved 
reflecting Surfaces having a shape of rotational 
asymmetry, 

wherein an object ray reflected from at least one curved 
reflecting Surface of Said at least three curved reflecting 
Surfaces temporarily forms a real image of the object in 
an optical path of Said optical System, and a pupil ray 
reflected from at least one curved reflecting Surface of 
Said at least three curved reflecting Surfaces forms a 
real image of a pupil in an optical path of Said optical 
System. 

2. An optical System according to claim 1, further com 
prising an optical unit including Said at least three curved 
reflecting Surfaces, 

wherein the object ray forms a real image of the object in 
Said optical unit, and the pupil ray forms a real image 
of the pupil in Said optical unit. 

3. An optical System according to claim 2, wherein Said 
optical unit is one optical element composed of a transparent 
medium, and Said at least three curved reflecting Surfaces are 
internal reflection Surfaces provided in the optical element. 

4. An optical System according to claim 1, wherein Said at 
least three curved reflecting Surfaces have a shape of rota 
tional asymmetry. 

5. An optical System according to claim 4, wherein Said at 
least three curved reflecting Surfaces have a shape of Sym 
metry with respect to only one symmetry plane. 

6. An optical System according to claim 1, wherein an 
entrance pupil of Said optical System is disposed nearer to 
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the light entrance Side than a reflecting Surface, which is curved reflecting Surfaces temporarily forms a real 
disposed nearest to the light entrance Side among the curved image of the object in an optical path of Said optical 
reflecting Surfaces included in Said optical System. System, and a pupil ray reflected from at least one 

7. An image pickup apparatus, comprising an optical curved reflecting Surface of Said at least three curved 
System forming an image of an object, Said optical System 5 reflecting Surfaces forms a real image of a pupil in an 
comprising: optical path of Said optical System; and 

at least three curved reflecting Surfaces, at least one an image pickup medium in which an image Sensing 
curved reflecting Surface of Said at least three curved Surface is arranged at a position where an image of an 
reflecting Surfaces having a shape of rotational object is formed by Said optical System. 
asymmetry, wherein an object ray reflected from at 10 
least one curved reflecting Surface of Said at least three k . . . . 
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